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Abstract

We present new phenomenological optical model potentials (OMPs) for neutrons and protons
with incident energies from 1 keV up to 200 MeV, for (near-)spherical nuclides in the mass range
24 < A < 209. They are based on a smooth, unique functional form for the energy dependence
of the potential depths, and on physically constrained geometry parameters. For the first time, this
enables one to predict basic scattering observables over a broad mass range and over an energy range
that covers several orders of magnitude in MeV. Thereby, the necessity of using different OMPs in
different energy regions has been removed. Using extensive grid searches and a new computational
steering technique, we have obtained optical model parameters for many isotopes separately. We
recommend that the resulting, so-called local, optical models be used in theoretical analyses of
nuclear data. From these parameterizations, we have also constructed asymmetry-dependent neutron
and proton global OMPs that are superior to all other existing phenomenological ones, not only with
respect to the description of observables, but also as they cover larger mass and energy ranges. These
(nucleon) global OMPs, we believe, may be used with some confidence in other studies whenever
one of our local OMPs does not exist. To constrain our parameterization as much as possible and
to assess the performance of our OMPs, we have compared our calculated results with an extensive
experimental data set. This data set includes average resonance parameters, total and non-elastic cross
sections, elastic scattering angular distributions and analyzing powers. The numerous local OMPs
we have obtained allow us to disentangle asymmetry, Coulomb correction and mass-dependent
components of our global OMPs.
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1. Introduction

The optical model has a significant impact on many branches of nuclear reaction
physics. The central assumption of that model is that the complicated interaction between
an incident particle and a nucleus can be represented by a complex mean-field potential,
which divides the reaction flux into a part covering shape elastic scattering and a part
describing all competing non-elastic channels. Solving the Schrédinger equation with
this complex potential yields a prediction for the basic observables, namely the elastic
scattering angular distribution and analyzing power, the reaction and total cross sections
and, for low neutron energies, the and p-wave strength functionsSg, S1) and the
potential scattering radiu®(). An important feature of a good OMP is that it can be used
to reliably predict these observables for energies and nuclides for which no measurements
exist, while the ingredients of the model, either microscopic or phenomenological, are
physically well-behaved. Moreover, the quality of several derived quantities that are
provided by the optical model has animportant impact on the evaluation of the various non-
elastic channels. Well-known examples &reatrix elements and the related transmission
coefficients that enter the statistical model of compound nucleus evaporation, and the
distorted wave functions that are used for the description of direct inelastic scattering to
discrete states as well as in evaluations of multi-step direct transitions to the continuum.
The reaction cross sections that are calculated with the optical model are important for the
evaporation part of intranuclear cascade models and also for semi-classical pre-equilibrium
models. All these nuclear models for the non-elastic channels rely on various other
ingredients, such as discrete level schemes, level densities, gamma-ray strength functions,
fission barriers, etc. Uncertainties in those quantities all add to the total uncertainty of the
calculated results. Therefore, it is crucial that the OMPs which enter such nuclear model
calculations be adequately determined, independent pieces of information.

The construction of reliable phenomenological OMPs on a broad scale is exactly the
purpose of this paper. For each (near-)spherical nucleus for which appropriate experimental
data exists, we have constructed local neutron and proton OMPs for the entire 1 keV—
200 MeV energy region without any discontinuities in their parameter values. In addition,
we have constructed global neutron and proton OMPs for the same energy region and for
nearly the whole periodic table of elements (more precisely, fag 24< 209). All OMPs
are based on the same smooth energy dependent functional forms for the potential depths,
while the associated geometry parameters are constrained within acceptable limits around
a global average. Apart from an unprecedented fit to the observables, we can pin down the
behaviour of the various components of the OMP, which will serve as additional assessment
of the quality of microscopic optical model approaches. We hope that the most important
spin-off of our new OMPs is a significant increase in the precision of the description of
non-elastic reaction channels up to 200 MeV.

Throughout this paper, we will compare our OMPs with other existing potentials.
Therefore, to put our work better in perspective, we now proceed with a general
categorization of OMPs.
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1.1. Microscopic and phenomenological optical models

In a broad sense, one may distinguish between the microscopic optical model and the
phenomenological optical model. In the microscopic optical model, the nucleon—nucleon
effective interaction is folded with the matter density distribution to give a direct measure
of the strength and shape of the nuclear potential. In the phenomenological optical model,
one adopts a suitable analytical form for the potential, usually a Woods—Saxon form,
and determines its depth and geometry parameters by means of parameter adjustment to
best fit available experimental data. The simultaneous development of both approaches is
important, since they usually serve as each others’ guide and inspiration. Recently, there
has been considerable progress in microscopic optical models (see, e.g., [1-3]). In this
paper, we will develop new phenomenological OMPs that will provide a new challenge, in
terms of predictive power, to the microscopic approaches.

1.2. Local and global optical models

From the literature, it seems that there are three methods commonly used to set the
parameterization of the phenomenological OMP, which vary in the amount and type of
data used. They are (i)"@est-fit" optical mode] representing a potential for one nucleus
and one single incident energy, (ii)@cal optical modelrepresenting a potential for one
nucleus and an energy region, and (iiilgkbal optical modelin which a potential is
specified for both a mass region and an energy region. In addition to this classification, one
can consider neutron and proton potentials separately or a more general isospin dependent
nucleon potential, and one can distinguish between the spherical and deformed OMPs, the
latter being applied in coupled channels analyses. Note that we define tHectetwptical
model as the opposite case of the global optical model. Thus, in this paper the term does
notindicate an equivalent local potential for a non-local, energy-dependent potential.

Of these approaches, the best-fit potentials (case (i)) obviously give the best description
of measured data. Indeed, it is usually not too difficult to obtain a satisfactory fit of a single
elastic angular distribution since there are, usually, more than 10 parameters available for
adjustment. Unfortunately, the obtained parameter sets invariably are uncorrelated from
energy to energy, whereas one may a priori assume that at least the geometry parameters
should, albeit in an effective way, reflect the size and structure of the nucleus and thus
be energy independent. While best-fit potentials alone are useless for the prediction
of observables at energies for which no measurements exist, they are useful for the
determination of global trends in optical model parameters as a function of energy. We have
used that approach, by means of so-called grid searches, as a first step in the construction
of our parameterizations.

The other extreme is case (iii), the global optical model. From a physical point of
view, a phenomenologicagjlobal optical model should not be expected to provide an
adequate description of a nucleon—nucleus interaction, simply because the nuclear structure
differences among adjacent nuclei cannot be cast into a simple and sifieathd
A-dependence of the Woods—Saxon parameters. @mtyoscopicoptical models can
be expected to provide these local nucleus-by-nucleus differences, since they are built
from detailed nuclear structure properties. However, the global phenomenological optical
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model provides a convenient average description of the overall trend of the interaction as a
function of mass and energy and is the only option for nuclides for which experimental data
and a microscopic approach are not available. For this reason, part of the results presented
in this paper consists of new neutron and proton global OMPs. As we will show, they
significantly outperform all previous global OMPs.

Nevertheless, we argue that the best approach is given by the local optical model
(case (ii)), in which an OMP parameter set is found for each target nucleus separately,
and with its energy behaviour expressed analytically. The parameters of these functions
must then vary around those of the global OMP within acceptable limits. We expect,
and actually find, that the optical model parameters for a particular nucleus are similar
to those of a neighboring one, but the way in which the parameter sets of two adjacent
nuclides differ turns out to be unpredictable. Again, this is not surprising, since the Woods—
Saxon form factor is a very approximative representation of the complicated nucleon—
nucleus interaction, including all its shell and deformation effects, and this is reflected
by unpredictable changes in the phenomenological parameters from nucleus to nucleus.
Furthermore, it is well known that the actual nucleon—nucleus interaction is non-local; due
if to nothing else than the Pauli principle. However, as has been shown [2], there always
exists an equivalent local potential for the scattering phase shifts generated from any fully
non-local interaction. Basically the non-locality translates into an energy dependence of
that equivalent local field.

In sum, local OMPs for each nucleus are the most appropriate for the analysis of
experimental data. The best-fit potentials serve as tools to initialize the local OMP
parameter set and the global OMP serves as a guideline to keep the parameters within
physically reasonable bounds. Accordingly, this entails that in this work we have developed
local and global OMPs iteratively. Of course, such OMPs can only be taken seriously if the
number of free parameters is kept to a minimum, certainly with respect to the number of
data points to be described. We argue here that, in comparison with earlier work, we have
reducedhe number of parameters but still get a better description of the experimental data.

1.3. Energy and mass range

The use of the optical model in other nuclear reaction models, for non-elastic channels,
clearly indicates the need for OMP parameterizations over a broad energy range. The
problem one generally faces is that for the theoretical calculation of all non-elastic reaction
spectra, reliable OMPs are required from the incident projectile energy down to a few keV.
Prior to the present work, complete parameterizations for energies covering several orders
of magnitude in MeV only existed for a few nuclides, usually obtained with dispersion
relations. Thus complete nuclear reaction analyses have mostly been restricted to the use
of uncorrelated OMP parameterizations in various energy regions. Consequently there have
been undesired discontinuities at the matching energies, not only for the predicted standard
observables, but also for all other derived cross sections, spectra and angular distributions.
Especially this aspect motivated us to revisit the standard optical model with Woods—Saxon
form factors, and to eliminate these restrictions.

We realize the restrictions of adopting a spherical optical modealioenergies and
target masses. The phenomenological optical model is physically dubious for light nuclei,



A.J. Koning, J.P. Delaroche / Nuclear Physics A 713 (2003) 231-310 235

which we would define agl < 24. It is also dubious for many nuclei, especially in the
rare earth and actinide regions, which must be described by deformed OMPs that take
into account the strong channel coupling to the first collective excited states. Nuclides
for which those features are known to be relevant, therefore have been excluded from the
present analysis.

The energy range is also limited since, above about 200 MeV, the Woods—Saxon form
is known to be inappropriate, and a “wine-bottle” shape of the form factor is more
favored. This can also be attributed to the natural non-locality of the nucleon—nucleus
interaction [2]. In addition, the depth of real volume potential is changing sign around this
energy, and there are indications that the imaginary part of the volume potential increases
due to increasing importance of relativistic dynamics. Thus, in this study we have not
considered light mass and strongly deformed nuclides, and we have not considered nucleon
projectile energies above 200 MeV.

1.4. Optical model calculations and optimization

The determination of phenomenological OMP parameters from a set of different
experimental observables has often been described as an art rather than a science. In
particular,x? optimization has a reputation in optical model research that is always under
debate. Therefore, we ugé€ assessments only to initialize the OMP parameters.

There are however various reasons why we can expect an improvement over the
last large-scale optical model study of 1991, by Varner [4]. First, there is now a much
better experimental database (which includes for example high-energy neutron total cross
sections for many nuclides) with which OMP parameters can be better constrained.
Indeed, our analysis is based on an unprecedented collection of experimental data, and
the references for this database are listed in Tables 1, 2 and 7. In addition, there is
now enhanced theoretical guidance from the microscopic optical model approaches.
The significant increase in computer power enables us to use more robust parameter
optimization methods than in the past. The two methods used here are Simulated Annealing
(see Section 3), and a new visualization technique, called computational steering [5], which
enabled us to obtain the final OMP parameters manually; an activity considered impossible
until recently. Since we wish to emphasize the power of this approach, we give a description
of the relevant software package, ECISVIEW, in Section 3. All the individual optical model
calculations have been performed with the versatile code ECIS-97 [6], which takes into
account both low-energy (compound nucleus) and high-energy (relativistic) effects.

1.5. This paper

A central feature of our work is that we treat all nuclei on the same footing. In the past,
a new local OMP was generated whenever new experiments were added to the existing
experimental database for the nucleus under consideration. Inevitably, the functional form
of the OMP for a particular nucleus then differed from paper to paper. Also certain nuclides
(e.g.,%%Ca, 99Zr, and298pPb) were better covered than others. On the other hand, global
optical model studies were not so variable since they used complete databases for the
energy and mass ranges under study. However, their results lacked the precision of the
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Table 1
do/d$2 andAy () database for neutron elastic scattering
Target Ref. Energy (MeV) Ref. Energy (MeV)
24Mg [61] 34 [63] 9.8,14.8
[62] 6.1
natyig [64] 1.9,2.8,38,4.8 [67] 11
[65] 5.4,6.4,7.6,8.6 [68] 14.8
[66] 8 [69] 21.6
27p [70] 3.2 [75] 18, 20, 22, 25, 26
[71] 5.46.4,7.5, 8.6 [76] 84
[72] 7.6 [77] 96
[73] 10.9, 13.9, 16.9 [78] 136
[74] 14, 17
28g;j [79] 21.7 [80] 30.3,40
natg; [71] 5.4,6.4,7.6,8.6 [81] 11, 20, 26
[51] 8,10, 12, 14, 17 [29] 55, 65, 75
3lp [82] 35,3.9,4.2,45,4.8 [84] 7.8,9
[83] 6
32g [79] 21.7
natg [85] 3,4,7.1 [67] 11
[86] 5.5,6.4,7.6,8.5 [81] 20, 26
[51] 8,10, 12, 14, 17 [87] 30.3, 40
naic| [88] 14.1
natar [72] 7.8 [89] 14
nat [90] 3 [91] 3.7,4.3,65,7.9
40ca [91] 2.1,3.3,5.3,5.9,6.5, 7.9 [47] 11, 20, 26
[92] 9.9,11.9,13.9 [94] 19
[93] 1 [95] 21.6
[30] 16.9 [80] 30.3, 40
naica [96] 65
455¢ [97] 2.6,2.9,3.8,55.9,6.5
7.1,8,9,10
natr; [98] 45,55,6.5,7.6,8.1 [99] 14
8.4,9.1,9.5,10
5y [100] 5.4,6.4,8.6 [101] 8,9,10.1,10.9, 11.9, 13, 14.4
52¢y [85] 3,4 [35] 8,9,9.8,10.8,11.4, 12
[102] 4.3,4.9,6.4,75,8.6 12.7,13.7,14.1, 14.8
[69] 21.6
55Mn [85] 25,3,35,4,4.6,6.1,7,8 [67] 11

(continued on next paye



A.J. Koning, J.P. Delaroche / Nuclear Physics A 713 (2003) 231-310 237

Table 1 Continued

Target Ref. Energy (MeV) Ref. Energy (MeV)
S4re [103] 7,85 [104] 10,12, 14
[33] 10, 14, 17 [105] 11, 20, 24, 26
56Fe [103] 4.6,5,5.6,6.5,7.6 [105] 11, 20, 26
[106] 5 [95] 21.6
[107] 8,10,12, 14 [108] 24.8
nalEe [29] 55, 65, 75
59co [85] 2,25,3,3.5,4,4.6,6.1 [99] 14
71,81 [69] 21.6
[100] 5,5.4,6.4,7.6, 8.6 [109] 23
[67] 11
58N [110] 8,10,12, 14 [111] 24
[33] 10, 14, 17
60N [112] 4.3,4.9 [110] 8,10, 12, 14
[113] 6.4,7.5,8.6 [111] 24
natyji [85] 3,3.5,4,4.6,6.1,7 [67] 11
[112] 5,6.4,7.5 [69] 21.6
63cy [114] 5.5,7,85 [104] 8,10, 12, 14
65cu [115] 10, 14
naicy [116] 1.6,2,2.2,2.6,3,3.4,3.8 [77] 96
[76] 84 [117] 155
naiGe [118] 75
7Sas [119] 8.1
805e [120] 4 [121] 8,10
nalge [122] 1 [123] 3.7
[70] 3.2 [124] 14.1
885y [125] 11
natgy [126] 0.9 [127] 4.4
[70] 3.2 [128] 14.8
[123] 3.7
8%y [129] 3.8,45,5,5.96.5,7.1 [131] 8,10, 12, 14, 17
7.5,8.4,9,9.5 [132] 11
[130] 5.5 [69] 21.6
90zy [133] 2,2.6,3,35,4 [14] 8,10, 24
[134] 21,52 [125] 11
[135] 5.9,6.9,7.8
97y [136] 8, 10, 24

(continued on next paye
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Table 1 Continued

Target Ref. Energy (MeV) Ref. Energy (MeV)
927y [133] 2,3,4 [136] 8,10, 24
[135] 5.9,7,7.8
94zr [137] 15 [136] 8,10, 24
natzy [29] 55, 65, 75
93Nb [138] 2.6,2.9 [67] 11
[139] 45,5,55,5.9,6.5,7.1 [140] 10, 12, 14, 14.6, 17
7.5,8,8.4,9.1 [141] 20
92Mo [137] 15 [143] 6
[142] 1.8,2,2.2,2.4,2.6,2.8,3 [144] 9,11, 20, 26
3.2,3.4,3.6,3.8,4
%o [137] 15 [143] 6
[142] 1.8,2,2.2,2.4,2.6,2.8,3 [144] 9,11, 20, 26
3.2,3.4,3.6,3.8,4
98Mo [142] 1.8,2,2.2,2.4,2.6,2.8,3 [144] 9,11, 20, 26
3.2,3.4,3.6,3.8,4
100\vo [137] 15 [143] 6
[142] 1.8,2,2.2,2.4,2.6,2.8,3 [144] 9,11, 20, 26
3.2,3.4,3.6,3.8,4
103Rn [138] 15,1.8,2.3,2.8,3.3,3.8 [145] 45,5 55,59,6.5,7.1
[145] 7.5,8,8.4,9.1,9.5, 10
naip [146] 15,1.8,2.3,2.8,3.3,3.8 [147] 59,7.1,8
107ag [148] 1.6,2.2,2.8,3.4,4
natag [149] 45,555,5.9,6.5, 7.1
7.5,8,8.4,9.1,9.5,10
naicg [138] 2.3,2.9, 34,4, [151] 14.6
[150] 45,5,55,5.9,6.5,7.1 [77] 96
7.5,8.1,8.4,9.1,9.5, 10
nafj, [152] 45,559,7.1,8 [67] 11
9.1,9.5,10 [153] 14
116gn [154] 10, 14 [155] 11, 24
1185 [155] 11,24
120gn [156] 1.6,2,2.2,23,25,2.7 [157] 6
2.8,3,3.4,38,4 [154] 10, 11, 14, 17
124gn [155] 11, 24
natgp [158] 24 [96] 65
123gp [156] 1.6,2.1,2.6,3,34,4 [160] 14
[159] 45,55,5.9,6.5,7.1,7.6

8.1,8.4,9.1,9.5, 10

(continued on next paye
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Table 1 Continued

Target Ref. Energy (MeV) Ref. Energy (MeV)
127) [120] 4 [161] 16.1
natre [70] 3.2 [162] 14
nalgy [122] 1 [164] 5
[163] 4.1
nay 5 [165] 2.5,3.1,36 [72] 7.8
nalce [166] 1 [167] 5
[70] 3.2 [69] 21.6
141py [168] 1.2 [167] 5
[165] 15,2,25,3.1,3.6 [169] 8
[70] 3.2
142\ [170] 25 [171] 7
144\d [170] 25 [171] 7
natg [166] 1
1485m [172] 25 [174] 7
[173] 6.2
197au [175] 25 [177] 7
[176] 41 [178] 8
[167] 5
nalpyg [179] 3.0 [124] 14.8
[70] 3.2 [161] 16.1
206pp [177] 7 [67] 11
[72] 7.7 [180] 13.7
[119] 8.1 [69] 21.6
208pp [181] 2 [87] 30.3,40
[23] 4,45,5 55 [29] 55, 65, 75
[182] 6,7,8,9,10,14,17 [76] 84
[183] 9,11, 20, 25.7 [77] 96
[69] 21.6 [78] 136
[37] 22,24 [117] 155
[109] 23
209g; [184] 2,25,3,35,4,45,6,6.5,7,7.5, [23] 5,5.5
8,9,10,11, 12, 20, 24 [186] 6,9
[179] 3 [72] 7.8
[185] 45 [187] 21.6

local optical model. In this paper we consider both local and global OMPs, using the
same methodology so that systematic “errors” in the determination of OMP parameters
are minimized.
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Table 2

Total cross section database for incident neutrons

Target Ref. Target Ref.

nafvg [25,188] 8%y [25,205]

27p] [24,189-191] 907y [24,133,206,207]
natg; [24,191-193] BNb [24,138,205,208]
natg [24,194,195] natyjo [25,195,205,209]
40ca [24,196] naign [24,205,210]

natj [25,197] naice [189,195,211-214]
natcr [25,192,198,199] 197au [25,215]

56Fe [25,192,200,201] natHg [25,195,211,216]
58 [25,202,203] 208pp [24,195,217,218]
naicy [24,116,204] 209g; [24,184,195,219,220]

Our results will be directly applicable in optical model calculations. So far, two large
OMP parameter collections have been assembled: the study by Perey and Perey [7] and,
more recently, by Young [8]. The results of this paper are added to the latter collection
and can also be obtained in direct usable form, including a parameter calculator, from the
authors [9].

This paper is set up as follows. In Section 2 we discuss the basic functional form of
our OMP. In Section 3 we give an outline of the optimization method. Section 4 contains a
comparison of our OMP results with experimental data, for incident neutrons and protons
and on a nucleus by nucleus basis. In Section 5, we identify the asymmetry and Coulomb
correction terms of the potential in order to build a global nucleon—nucleus OMP. The
results are then compared with experimental data and with other optical model predictions.
In Section 6 we provide integral properties of out global OMP by means of volume
integrals. Finally, we give the conclusions in Section 7.

2. Theory
2.1. The optical model potential

The phenomenological, OMP for nucleon—nucleus scattetingsually is defined as

Ur, E) = —Vy(r, E) —iWy(r, E) —iWp(r, E)
+ Vso(r, E).l.o +iWso(r, E).l.o + Ve (r), (1)

where Vy so and Wy p so are the real and imaginary components of the volume-
central /), surface-central §) and spin—orbit $O potentials, respectivelyt is the
laboratory energy of the incident particle in MeV. All components are separated in
E-dependent well depthd/y, Wy, Wp, Vso, and Wso, and energy-independent radial
partsf, namely
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Vy(r, E)=Vv(E)f(r, Ry,ay),
Wy (r, E) = Wy (E) f(r, Ry, ay),

d
WD(ra E) = _MDWD(E)Ef(rv RD7aD)7

ho\°1d
Vsolr, E)=Vso(E)( ) ;Ef(r, Rso, aso),

My C
h\%1d
Wsolr, E) = Wso(E )( ) —— f(r, Rso, aso). ()
myc) rdr
As usual, the form factof (r, R;, a;) is a Woods—Saxon shape
f(r Ri,a;)=(1+ eXp[(r—Ri)/ai])_l, 3)

where, with A being the atomic mass number, the geometry parameters are the radius
R; =r; AY/3 and the diffuseness parametersFor charged projectiles, the Coulomb term
Vc, as usual, is given by that of a uniformly charged sphere

Zzez< r2>
Ve(r) =——(3— — s forr<R N
c(r) 2Re R% c

_Zze2

r

, forr > Rc, (4)

with Z(z) the charge of the target (projectile), amt = rc A3 the Coulomb ra-
dius.

Itis important to note thatin Eq. (2) the real and imaginary potentials of each component
V and SO share the same form factors, i.e., we assume the same geometry parameters
for the pair (Vy, Wy) and for the pair(Vso, Wso), while Wp has its own geometry
parameters. Moreover, we take eaghand g; independent of energy. Hence, we have
not used the full flexibility of the potential form in our search process. By so doing, we
significantly curtail the number of degrees of freedom of the general form, but this is in
line with the wanted situation of as few variable parameters as possible in data analyses.

2.2. Functional forms of potential well depths

For both the local and global OMPs we have determined the values for the three pairs of
radius and diffuseness parameter and the most approjridependent parameterization
for the various potential depths. In many previous studies, this energy dependence has been
modeled by one or more straight line segments. As a consequence, the first derivatives of
such parameterizations are discontinuous at the connecting points. Associated problematic
anomalies then result for transmission coefficients and angular distributions around those
connection points. It is more appropriate to replace these straight line segments by smooth
functions that contain the same, and preferably a smaller, number of parameters which at
the same time allow more flexibility.

Previous dispersive optical model analyses suggest that all functional forms for the
potential depths depend @& — E ), whereE ¢, the Fermi energy in MeV, is defined as
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the energy halfway between the last occupied and the first unoccupied shell of the nucleus.
For incident neutrons

1
E;:—E[SH(Z,N)‘}‘Sn(Z’N—i_l)]’ ®)

with S, the neutron separation energy for a nucleus with proton nurdbend neutron
numberN, while for incident protons

E;:—%BMZJW+SAZ+LNH, 6)

with S, the proton separation energy. We have used the Audi-Wapstra mass table [10] to
obtain the values of the separation energies.

Our OMP parameterization for either incident neutrons or protons is given the common
form

Vv (E) =v1[1—v2(E — Ef) +v3(E — Ef)* — va(E — E)®],
(E — Ep)?

1 )
(E — Ef)?+ (w2)?
ry = constant

Wy (E) =w

ay = constant

(E — Ef)?
(E — Ef)?+ (d3)?
rp = constant

Wp(E)=d1 exg —d2(E — Ey)],

ap = constant

Vso(E) = vsqr ex —vso(E — Ef)],
(E—E)?

SYE—ENZ+ (w2

rso= constant

Wso(E) =w

aso= constant
r¢ = constant (7

whereE ; = E" for incident neutrons an#l = E”, for incident protons. An illustration of
the E-dependence adopted here for the OMP components is shown in Fig. 1 for neutrons
incident on°®Fe.

In general, all parameters change from nucleus to nucleus. Moreover, our OMP analyses
have been made separately for incident protons and neutrons. Hence, an OMP for one
specific nucleus and projectile is described by the potentials and geometries given in
Eqg. (7), and the various parameters are given in Tables 3—6 for neutrons and Tables 8,
9 for protons. A more precise definition of specific OMP parameterizations, i.e., in terms
of asymmetry-dependent and Coulomb correction components, is outlined in Section 5,
where we will provide global nucleon—nucleus potentials. We will now discuss the specific
E-dependence of the various potential depths of Eq. (7).
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Fig. 1. The various potential well depths as a function of incident (laboratory) energy, see Eq. (7). As an example,
the values for neutrons incident 8fFe are plotted.

It is well known that, due to non-locality, the depth of the real central potelitiaE)
decreases with increasing energy. Instead of a lifgéalependence, often assumed in
former OMP analyses foVy (E), we adopt a polynomial dependence. This choice is
dictated by the following considerations. First, the linéadependence is a reasonable
assumption only in a narrow energy interval, typically from 10 to 40 MeV. Second, we
know from dispersive OMP analyses and Dirac phenomenology, which both cover broad
energy ranges, thaty (E) behaves as an exponential function/(E) ~ exd—E]) for
energies up to 140 MeV and a5/ (E) ~ log(E) at higher incident energies [11,12]. In
the early stages of our study we adopted an exponential function to repnréséefiy
below 200 MeV, but that closed form leads to reasonable fits onlyrfat 140 MeV.

The polynomial form in (7) was then considered, since it bears similarity with a truncated
Taylor series expansion of the exponential function. The parametets and v, were

then taken uncorrelated, which enabled us to achieve good fits over a larger energy region.
Parameter, is equal for all nuclides and has merely been included to keep our predictions
under control at about 200 MeV. At higher energies, our functional form will fail since the
real central potential is known to become repulsive there.

Similarly, the volume Wy) and surface W p) absorption OMP components are also
given a(E — Er) dependence. The closed forms assigned to the absorptive potentials are
suggested by earlier OMP analyses covering broad energy ranges. At low incident energy,
the absorption is dominated by the surface compoféntE). Beyond about 10 MeV,
the volume termWy (E) can no longer be ignored, and at higher energies the absorption
is completely dominated bWy (E). The specificE-dependence adopted fory (E) in
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Table 3
Neutron OMP parameters. The parametafsay , rp, ap are given in fmuq, wq, wo in MeV, vy in MevV—1,
v3 in MeV—2, andva in MeV—3

Nuclide ry ay v1 v2 v3 v4 w1 wy rp ap

24mg 1.170 0.676 58.0 0.0072 0.000020 x70° 120 74 1.298 0.540
2Bpg 1.172 0.692 58.0 0.0071 0.000019 x7A0° 126 74 1.295 0.550

27p 1.162 0665 58.8 0.0071 0.000019 x710~% 128 75 1290 0.538
28g; 1.170 0.668 58.8 0.0070 0.000019 x20° 125 75 1.294 0.540
3lp 1.196 0675 57.8 0.0072 0.000019 x10° 124 76 1.293 0.540
323 1.197 0678 595 0.0072 0.000019 x10~° 126 75 1.302 0.545
35¢| 1.196 0.674 58.4 0.0072 0.000019 x70~° 125 76 1296 0.540
3% 1.194 0670 588 0.0072 0.000019 x70° 125 76 1.290 0.535
40ar 1.188 0.670 56.4 0.0072 0.000019 x7A0° 125 76 1.290 0.543
40cq 1206 0676 59.2 0.0072 0.000019 xI0~° 124 76 1.295 0.543
455¢ 1200 0.672 56.6 0.0072 0.000019 x10°° 128 78 1.282 0.532
48T 1.185 0671 56.2 0.0071 0.000019 x70° 132 76 1.286 0.535
51y 1.180 0.669 56.7 0.0071 0.000019 x70° 128 78 1.277 0533
52¢y 1.190 0.667 56.2 0.0071 0.000019 x20° 128 78 1.282 0.535
S4Fe 1.186 0663 582 0.0071 0.000019 x7I0~° 132 78 1.278 0.536
55Mn 1.183 0.663 56.4 0.0071 0.000018 x7A0° 133 74 1278 0.528
S6pe 1.186 0.663 56.8 0.0071 0.000019 x10°° 130 80 1.282 0.532
58N 1.192 0663 57.8 0.0072 0.000019 x7A0° 134 78 1.278 0.536
60N 1.193 0.664 57.0 0.0073 0.000020 x70° 128 78 1.284 0.533
59co 1203 0662 56.2 0.0072 0.000019 x20~° 129 80 1.282 0.532
63cu 1200 0663 565 0.0072 0.000019 x10~° 135 80 1.278 0.532
85cu 1.203 0663 56.0 0.0072 0.000019 x20° 135 80 1.278 0.532
69Ga 1217 0675 56.0 0.0071 0.000018 x7I0~° 138 80 1.275 0.535
74Ge 1220 0675 546 0.0071 0.000018 xI0~° 138 80 1.275 0.535
Sas 1215 0675 546 00071 0.000018 x20° 138 80 1.275 0.535
9By 1.223 0672 540 0.0071 0.000018 x70~° 13.8 80 1273 0.528
80se 1219 0675 53.4 0.0071 0.000018 xI0~° 136 80 1.273 0.535
85Rp 1.224 0668 550 0.0071 0.000017 x10° 142 80 1.270 0.530
88gy 1220 0662 552 0.0071 0.000017 xZ0~° 13.8 80 1.274 0.530
8%y 1.218 0.666 54.8 0.0071 0.000018 =702 146 82 1272 0530
907y 1.218 0.666 54.7 0.0071 0.000017 x7A0° 146 80 1.272 0.530
917y 1.216 0.666 54.4 0.0071 0.000017 x70~° 146 80 1276 0.530
927y 1220 0.663 53.4 0.0070 0.000017 xA0° 146 80 1274 0.528
92M0 1222 0661 550 0.0071 0.000018 x7A0°® 145 80 1.264 0.524
93Nb 1215 0663 540 0.0070 0.000017 x20~° 146 82 1.274 0.534

Eqg. (7) is from Ref [13]. This so-called Brown—Rho function is negligible at low energies,
then increases until it finally tends to a constant value. The form s illustrated in Fig. 1. This
picture is reasonable for the energy range considered in our work. The functional form for
Wp(E) was first used in Ref. [14], and consists of a Brown—Rho function multiplied by
an exponentially decreasing function. In dispersion analyses, the power of the Brown—-Rho
function, as inWy (E), may in general be equal to any low even integer, e.g., 2, 4 or 6. In
our work, we have found that the power of 2 for bdiy (E) and Wy (E) gives the best
description for all nuclides.
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Table 4
Neutron OMP parameters, continued. The parametgfsaggo are given in fm,dq, ds, vsq, Wsal, Ws» E;L

in MeV, andds, vsp in MeV—1

Nuclide dy do d3 rso aso Vsal V502 Wsal W@ Er;

24\g 16.2 0.0214 125 1.00 058 6.0 0.0035 —3.1 160 —1193
26Mg 155 0.0218 135 100 058 6.0  0.0035 -3.1 160 -877
27p| 13.0 0.0224 115 1.00 0.58 6.1 0.0035 —3.1 160 —10.39
28gj 13.8 0.0216 111 1.00 058 6.0 0.0040 —3.1 160 —1283
31p 154  0.0214 115 100 0.59 6.0 0.0040 —3.1 160 -10.12
32g 156  0.0215 110 1.00 059 6.0 0.0040 —3.1 160 —1184
35¢| 133  0.0220 135 100 060 6.1 0.0040 —3.1 160 —1184
3% 13.3 00228 135 101 058 6.1 0.0040 —3.1 160 —1044
40ay 124  0.0220 125 1.01 058 6.1 0.0040 —3.1 160 —7.98
40cq 14.4  0.0205 134 101 0.60 6.1  0.0040-3.1 160 —1200
455¢ 125 0.0228 126 101 0.60 6.1  0.0040—3.1 160 —1004
487 126  0.0228 134 101 0.60 6.0 0.0040 —3.1 160 —9.88
51y 12.8 00228 134 100 060 6.1 0.0040 —3.1 160 -9.18
S2¢cr 136 0.0215 110 101 060 6.2 0.0040 —3.1 160 —-9.99
S4re 154 0.0223 109 1.00 058 6.1 0.0040-3.1 160 —1134
55Mn 136 0.0229 112 100 055 6.2 0.0035 —3.1 160 -875
S6pe 153 0.0211 109 1.00 058 6.1 0.0040-3.1 160 —9.42
58 154  0.0218 105 1.00 0.58 6.1 0.0040 —3.1 160 —1061
60N 152  0.0218 108 100 058 6.1 0.0045 —3.1 160 —-9.60
59co 156  0.0224 127 1.00 058 6.1 0.0040 —3.1 160 —-8.97
83cu 146 0.0219 116 1.00 058 6.1 0.0040 —3.1 160 —9.38
65Cu 142  0.0219 116 100 0.58 6.1 0.0040 —3.1 160 —-8.49
69Ga 128 0.0225 110 1.03 058 6.2 0.0040-3.1 160 —8.98
71Ge 128 0.0225 110 1.03 058 6.2 0.0040-3.1 160 -8.35
5as 12.4  0.0225 110 103 058 6.2 0.0040 —3.1 160 -878
9Br 136  0.0225 105 1.03 058 6.2 0.0040 —3.1 160 —9.29
80se 135 00225 108 1.03 0.58 6.2  0.0040—3.1 160 -831
85Rb 135 0.0225 126 104 0.58 6.2 0.0040 —3.1 160 -957
885y 13.0 0.0225 132 1.05 058 6.2 0.0040 —3.1 160 —8.74
8%y 13.6 00224 142 105 056 6.2 0.0040 —3.1 160 -917
90z, 13.2 0.0215 146 105 060 6.2 0.0040 —3.1 160 -958
917y 128  0.0215 136 1.05 0.60 6.2 0.0040 —3.1 160 —7.91
927y 142 00220 125 105 059 6.2 0.0040 —3.1 160 -7.68
92M0 148 0.0210 126 1.05 058 6.2 0.0040 —3.1 160 —1037
9BNb 151 0.0215 135 1.05 059 6.2 0.0040 —3.1 160 —8.03

Finally, the functional forms fo¥so(E) and Wso(E) are similar to theE-dependence
used in semi-microscopic analyses [1] and of Dirac phenomenology [12], respectively.
There is a slight decrease in the réab potential with increasing energy. Evidence for
the imaginaryS O potential is difficult to establish at low energies but analyses of proton
polarization above 100 MeV indicate that it is certainly present at higher energies. We
found it convenient to approximate its well depth by a Brown—Rho function. To obtain a
homogeneous notation for the whole OMRE— E ) dependence is also assigned to the
SO potential components in Eq. (7).
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Table 5

Neutron OMP parameters. For more details, see the caption of Table 3

Nuclide ry ay v1 v2 v3 v4 w1 wy rp ap
94zy 1.215 0.658 540 0.0071 0.000018 x70% 145 80 1.264 0.524

%Mo 1.222 0.658 542 0.0071 0.000018 x70~° 145 80 1264 0.524
%Mo 1.222 0.658 53.7 0.0071 0.000018 x70° 145 80 1270 0.534
9%B\o 1.218 0.658 53.4 0.0071 0.000018 x40 °® 145 80 1270 0.536
997¢ 1.226 0.660 53.7 0.0071 0.000018 x20~° 145 80 1.274 0534
100Mmo 1220 0.658 53.0 0.0071 0.000018 x7A0° 145 80 1270 0.536
103Rn 1.230 0660 551 0.0071 0.000017 x10° 138 82 1.266 0.530
106pg 1228 0660 546 0.0071 0.000017 x10° 138 82 1.265 0.530
107ag 1232 0.660 54.4 0.0071 0.000017 xA0° 140 82 1263 0.526
114cq 1.232 0665 524 00070 0.000016 x10° 144 84 1260 0.523
1191 1.214 0.662 52.8 0.0071 0.000018 x70~° 145 84 1272 0.535
116gp 1222 0665 53.6 0.0070 0.000017 x10° 145 84 1.265 0.524
118gp 1225 0662 528 0.0070 0.000017 xI0® 145 84 1.269 0.528
120gp 1225 0662 522 0.0070 0.000017 xI0~° 145 84 1.269 0.528
1215y 1230 0.652 52.6 0.0071 0.000018 x10° 140 84 1.263 0.524
122gp 1225 0662 519 0.0070 0.000017 xI0~°® 145 84 1.269 0.528
123gp 1230 0652 520 0.0071 0.000018 x710° 140 84 1.263 0.524
1245 1225 0662 51.8 0.0070 0.000017 x10° 145 84 1.269 0.528
127) 1.233 0652 520 0.0071 0.000017 x7A0° 140 84 1263 0524
1281¢ 1.226 0652 51.6 0.0071 0.000017 x20° 140 84 1263 0524
133¢cs 1235 0655 51.7 0.0071 0.000017 x10° 138 84 1.258 0.520
1384 1235 0665 520 0.0072 0.000017 xZ0~° 138 84 1258 0.520
139 4 1230 0.650 52.2 0.0070 0.000017 x20"° 144 86 1.258 0.520
140ce 1232 0646 523 0.0070 0.000017 x10° 144 86 1.254 0.520
141py 1232 0650 528 0.0070 0.000017 x10~° 140 86 1.258 0.520
142nd 1.230 0650 52.6 0.0070 0.000017 x20° 142 86 1.258 0.520
144\d 1226 0658 521 0.0070 0.000017 x20° 144 86 1.258 0.520
1485y 1.226  0.658 52.0 0.0070 0.000017 xI0°°® 144 86 1258 0.520
194pt 1.237 0650 51.2 0.0069 0.000015 x10° 154 88 1.255 0.515
197py 1.237 0.652 50.0 0.0069 0.000015 x70~° 158 88 1.257 0.508
202Hg 1.246 0637 50.2 0.0069 0.000015 x20° 158 88 1.254 0.515
206pp 1242 0646 50.4 0.0069 0.000015 x10° 156 88 1.246 0.510
208pp 1.244 0646 50.6 0.0069 0.000015 x10°° 156 88 1.246 0.510
209g; 1.248 0.642 50.1 0.0069 0.000015 x70~° 154 88 1.255 0.510

2.3. Compound nucleus contribution and relativistic kinematics

A sound analysis of scattering observables at low energies requires the inclusion of a
compound nucleus (CN) contribution. For this, we use the width fluctuation correction
model by Moldauer [15], coupled with the Blatt—Biedenharn formalism [16] for angular
distributions. For a particular incident energy, all channels that are open to CN emission
are included. We include the first several discrete states as competing channels and
complement this, for higher excitation energies, by a continuum described by the Gilbert—
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Table 6

Neutron OMP parameters, continued. For more details, see the caption of Table 4

Nuclide dy do d3 rso aso Vsal Vs02 Wsal W@ Er;
94zr 138 0.0212 122 105 058 6.2 0.0040 —3.1 160 —7.34
%Mo 14.8 0.0208 11.2 1.05 0.58 6.2 0.0040 —3.1 160 —8.53
%\ 15.1 0.0203 10.8 1.05 0.58 6.2 0.0040 —3.1 160 —7.99
9BMo 154 0.0203 103 105 058 6.2 0.0040 —3.1 160 —7.29
9Tc 15.1 0.0203 10.4 1.05 0.58 6.2 0.0040 -3.1 160 —7.86

100Mmo 15.4  0.0200 100 1.05 0.58 6.2 0.0040 —3.1 160 -6.84
103Rn 142 00206 100 106 0.60 6.2 0.0040 —3.1 160 -8.16
106pq 13.8 0.0210 100 1.06 0.60 6.2 0.0040 —3.1 160 —8.05
107ag 13.0 0.0225 126 1.06 0.60 6.2 0.0040 —3.1 160 —841
114cq 136 00225 110 106 0.60 6.2 0.0040 —3.1 160 —7.59

11514 13.8  0.0222 120 1.07  0.60 6.3 0.0040 —3.1 160 —7.91
116gp 150 00206 123 1.06 0.60 6.2 0.0040 —3.1 160 —8.25
118gp 148 00206 130 1.07 0.60 6.2 0.0040 —3.1 160 —7.91
1205 146 00206 130 1.07 0.60 6.2 0.0040 —3.1 160 -7.64
1215y 140 00210 132 1.07 0.60 6.2 0.0040 —3.1 160 —8.02
1225 143 00206 130 1.07 0.60 6.2 0.0040 —3.1 160 -7.38
123gp 140 00206 132 107 0.60 6.2 0.0040 —3.1 160 -7.72
1245 140 00206 130 1.07 0.60 6.2 0.0040 —3.1 160 —7.38
127 140 00218 132 1.07 0.60 6.2 0.0040 —3.1 160 -7.98
1281¢ 148 00216 120 107 0.60 6.2 0.0040 —3.1 160 —7.42
133¢cs 140 00220 130 1.08 0.59 6.4 0.0040 —3.1 160 -7.94
1384 13.8 00220 130 108 0.59 6.4 0.0040 —3.1 160 —6.67
139 4 140 00220 140 108 0.59 6.4 0.0040 —3.1 160 —6.97
140ce 140 00220 140 1.08 0.59 6.4 0.0040 —3.1 160 —7.32
141py 148  0.0220 14.5 1.08  0.59 6.4 0.0040 —3.1 160 —7.62

142Nnd 145 00206 132 108 0.59 6.4 0.0040 —3.1 160 —7.97
144Nd 150 00206 127 108 0.59 6.4 0.0040 —3.1 160 —6.78
148gm 152  0.0206 127 1.08 0.59 6.4 0.0040 —3.1 160 -7.01

194pt 142 00180 122 110 0.60 6.6 0.0035 —3.1 160 —7.01
197ay 127 00180 132 110 0.60 6.6 0.0035 —3.1 160 —7.29
202Hg 132 00180 122 110 0.60 6.6 0.0035 —3.1 160 —6.88
206pp 13.8 00180 143 1.08 057 6.6 0.0035-3.1 160 —7.42
208pp 13.8 00180 138 1.08 0.57 6.6 0.0035 —3.1 160 —5.65
209g; 13.8 0.0180 138 1.08 0.57 6.6 0.0035 —3.1 160 —6.03

Cameron level density formula [17]. The level density parameters are taken from Ref. [18].
The analysis of shape compound elastic scattering was iteratively performed, since the
transmission coefficients required for the CN cross section calculations are derived from
potentials that describe the shape elastic component.

For a consistent analysis at all energies we have employed the relativistic Schrédinger
equation throughout. In practice, this means that if one would apply our parameters in a
calculation without relativistic kinematics, significant deviations from the correct results
should be expected above several tens of MeV. All our optical model calculations are
performed with the true masses of the projectile and target expressed in atomic mass units.
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Table 7
o (0)/oruth and A, (9) database for proton elastic scattering
Target Ref. Energy (MeV) Ref. Energy (MeV)
27p| [221] 17 [225] 141
[222] 28 [226] 156
[223] 35.2 [227] 160
[224] 61.4 [228] 180
28gj [229] 17.8 [232] 65
[222] 28 [233] 79.1, 99, 198.1
[230] 30.4 [234] 134.2
[231] 40 [235] 180
40ca [236] 14.5,18.6, 21 [232] 65
[237] 16 [241] 75, 152
[238] 26.3,30.3 [234] 80.2, 160, 181
[239] 40 [242] 135.1
[240] 455 [226] 156
[224] 61.4 [243,244] 201.4
S4re [245] 9.7 [250] 19.6
[246] 11 [251] 30.4
[247] 12 [223] 35.0
[237] 16 [252] 40
[248] 17.2,20.4,24.6 [253] 49.4
[249] 18.6 [232] 65
56Fe [246] 11,11.7 [256] 30.3
[254] 14.5 [223] 35.2
[248] 15.3,17.2, 20.4, 24.6 [252] 40
[237] 16 [253] 49.4
[249] 18.6 [232] 65
[255] 19.1 [226] 156
nalge [257] 155 [228] 182
[258] 179
58N [259] 10.7,14.5, 15.4 [262] 35
[246] 12 [263] 39.6
[237] 16 [239] 40
[221] 17.8 [224] 61.4
[249] 18.6 [232] 65
[248] 20.4,24.6 [264] 100
[260] 21.3 [265] 160
[261] 22 [266] 178
[238,256] 30.3 [267] 200
naij [268] 17.3 [257] 155
60N [259] 14.5, 15.4 [238,256] 30.3
[237] 16 [263] 39.6
[249] 18.6 [239] 40
[248] 20.4,24.6 [232] 65

(continued on next paye
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Table 7 Continued
Target Ref. Energy (MeV) Ref. Energy (MeV)
90zy [245] 9.7,12.7,14.7 [253] 49.4

[237] 16 [224] 61

[269] 18.8 [232] 65

[270] 20.0 [234,242] 79.8,135.1, 160, 180

[271] 225 [264] 100.4

[272] 30 [226] 156

[239] 40
120 [245] 9.7 [274] 40

[237] 16 [264] 100.4

[273] 20.4,24.6 [226] 156

[256] 30.3 [265] 160
208pp [275] 11, 12,13 [224] 61.4

[237] 16 [232] 65

[276] 21,24.1, 35, 45, 47.3, 185 [242] 79.9,100.4, 121.2

[238] 26.3 [234] 79.9, 185

[256,277] 30.3 [226] 156

[239] 40 [265] 161

[253] 49.4 [278-280] 201
209 [237] 16 [241] 78, 153

[281] 57 [226] 155

[232] 65
Table 8
Proton OMP parameters. For more details, see the caption of Table 3
Nuclide ry ay vy ) v3 vg w1 w2 rp ap
27p 1.162 0.665 62.4 0.0070 0.000017 x70° 152 75 1.290 0.510
28gj 1.170 0668 62.6 0.0071 0.000018 x20° 150 75 1.294 0.510
40ca 1.206 0.676 61.6 0.0072 0.000018 x10°° 140 76 1.295 0.535
S4re 1.186 0.663 63.0 0.0072 0.000018 x10°° 152 78 1.282 0.545
S6pe 1.186 0.663 64.2 0.0072 0.000018 x10° 154 80 1.282 0.555
S8 1.192 0.663 63.8 0.0073 0.000017 x70° 154 78 1.282 0.550
60N 1.193 0.664 64.2 0.0073 0.000017 =702 152 78 1.284 0.560
62y 1.193 0.664 64.0 0.0073 0.000018 x70° 154 78 1.284 0.555
63cy 1.200 0663 63.2 00073 0.000019 x20° 155 80 1.284 0.550
64N 1.200 0.663 64.8 0.0073 0.000018 x70° 152 80 1.278 0.565
907y 1.218 0.666 63.3 0.0075 0.000019 x7A0° 156 80 1.272 0.585

120gp 1225 0662 655 0.0077 0.000019 xI0~° 160 84 1.269 0.605
208pp 1244 0646 67.2 0.0079 0.000020 x10° 166 88 1.246 0.615
209g; 1.248 0.642 66.8 0.0079 0.000019 x70° 166 88 1.255 0.615

3. Optimization of optical model parameters

From the large number of phenomenological optical model studies that have been
performed in the past, one can infer that the determination of a set of optical model



250 A.J. Koning, J.P. Delaroche / Nuclear Physics A 713 (2003) 231-310

Table 9

Proton OMP parameters, continued. The parametes given in fm. For more details, see the caption of Table 4
Nuclide dy do ds rso aso Vsal Vs Wsal Ws rc El;
27p 146 0.0224 115 100 058 6.0 0.0035-31 160 1.329 —9.93
28g; 146 00216 111 1.00 058 6.0 0.0035-3.1 160 1.324 -7.16
40ca 152 0.0205 134 101 060 6.1 0.0040-3.1 160 1.285 -—471
S4re 15.4 0.0223 109 1.00 058 6.1 0.0040-3.1 160 1.264 —6.96
S6pe 16.0 00211 109 1.00 058 6.1 0.0040-3.1 160 1.261 —9.42
58 152 0.0218 105 1.00 058 6.1 0.0040-3.1 160 1.259 —579
60 16.0 0.0218 108 1.00 058 6.1 0.0045-3.1 160 1.258 -7.17
62 16.4 0.0216 11.2 100 058 6.1 0.0040-3.1 160 1.256 —8.63
83cu 16.0 00219 116 100 058 6.1 0.0040-31 160 1.255 —6.92
64N 16,5 0.0216 11.2 1.00 058 6.1 0.0040-3.1 160 1.254 —10.00
907y 181 00215 146 105 060 6.2 0.0040-31 160 1.240 —6.80

120 19.3 0.0206 13.0 1.07 060 6.2 0.0040-3.1 160 1.231 -8.23
208pp 195 00180 13.8 1.08 057 6.6 0.0035-3.1 160 1.220 -5.90
209g; 194 00180 138 1.08 057 6.6 0.0035-3.1 160 1.220 -—4.39

parameters is considered to be successful onsflibf the following three criteria are
satisfied:

(i) Physically meaningful parametefsrom general properties of nuclei and microscopic
optical model calculations one can estimate the allowed range for the parameters
determined in a phenomenological approach,

(i) The parameters must satisfy a numerical optimization critefidggually this is related
to a minimal value of¢?, or better,x?/N, whereN = P — F is the number of degrees
of freedom, withP the number of experimental data points @nthe number of freely
varying parameters, and

(iii) A good visual fit This means that, irrespective of the values, the comparison
between theory and experiment is satisfactory when judged by eye, for all different
types of observables (angular distributions for elastic scattering cross sections and
analyzing powers, total cross sections) simultaneously.

Of these criteria, the best consensus seems to exist for case (i), see, e.g., Ref. [19]. Also
criterion (iii) is, albeit somewhat subjective, easily imaginable. It is the unambiguous
definition of the optimization criterion (ii) which is very difficult, if not impossible, to
judge. Moreover, even if such an optimization criterion is invoked, the obtained result
often turns out to be in disagreement with the subjective criterion (iii), and in some case
also with (i). This occurs especially when only a few experimental data sets are available.
This outstanding problem of the phenomenological optical model was already addressed
by Satchler [20], who concluded that “Sometimes#/ N is large, a subjective judgment

(‘by eye’) of the goodness of fit may have, in an ill-defined way, more significancexthan
itself. Similar remarks apply if the minimurp? corresponds to parameter values that are
obviously unphysical”.
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We will now enumerate the problems one encounters when attempting to solve the
optical model problem completely numerically. We do this to justify our computational
steering technique, which we will outline thereafter. Finally, we will establish the complete
optimization approach that we have used for our parameter determination.

3.1. Numerical goodness-of-fit estimator

3.1.1. The optimization problem

In 1963, Perey [21] gave a systematic discussion of the optimization problem for
phenomenological optical model analyses of nuclear scattering. He concluded that for
the optical modely? may have litle meaning as an estimator of the goodness-of-fit.
Nevertheless, in the absence of any reasonable and full-proof alternative, that method has
generally been adopted to obtain “best-fit” OMPs. Since our optimization method also
uses thex? method to some extent (to get the best initial parameters), we will here list
some of the problems that will be encountered when determining OMP parameters purely
numerically:

() Phasing of elastic angular distributionsnless it is close to the value %2 does not
give an indication of the oscillatory behaviour of the calculated curve relative to the
measured data. Hence, a result found for minigfal- 1 may exhibit, when judged
visually, theoretical angular distributions which are clearly out of phase with their
experimental counterparts.

(i) x2> 1. This was first reported by Perey. Whef s large, a change in? does not
correspond to the expected associated visual change. In other wogdsisifarge,

a decrease of 2 does not necessarily mean a better subjective, visual result. Among
others, this is related to the aforementioned phasing problem. Whéensmall, this
correspondence is much better.

(i) Experimental uncertaintyWwhen constructing optical models over a large energy
range, one does not consider only one measurement or even one consistent set of
measurements. Instead one makes use of completely uncorrelated experimental data
sets, measured at different laboratories with different methods. Even though the
statistical errors usually are reported, the systematical errors are often difficult to
establish. The optimization procedure is very sensitive to these errors, which means
that even a slightly incorrect error estimation can easily vitiate an automated fitting
procedure.

(iv) Distribution of experimental data sets over energy for one type of observable
In a phenomenological approach, the obtained OMP parameters for each nucleus
obviously depend on the included experimental data sets. If these happen to be oddly
concentrated in energy, an automated optimization procedure will be biased towards
the region where the data are clustered. If for an adjacent nucleus the available
measurements are differently distributed over energy, one may find a completely
different set of parameters. From physical considerations, one expects that both
systems should be described by similar optical models. Hence, information from
neighboring nuclei or a global optical model needs to be taken into account to guide
the parameterization for the nucleus under study. It is however, very difficult to
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devise a computational method to constrain the parameters consistently using this
information, because the parametéosactually vary from nucleus to nucleus, and in
an unpredictable manner.

(v) Weight of different types of observablégyood optical model should simultaneously
give a good description of angular distributions for elastic scattering cross sections
and analyzing powers, total (reaction) cross sections, and for low-energiesahe
p-wave strength function§y and S1 and potential scattering radiu&. One could
define one average? for each type of observable, but even then the problem of how
to weight them in an overall numerical optimization in which all observables need
to be fitted together, remains. An extra complication is that the total cross sections
usually are measured at energies different from those for the angular distributions
do/d$2 and the analyzing powers, .

(vi) The validity of the optical model itselflthough a physical rather than a numerical
problem, it has an impact on the parameter search. The conventional spherical optical
model probably is inadequate to describe scattering from nuclides known to be
strongly deformed and especially if there is strong channel coupling as a result. It may
not describe cases for which particular shell effects are needed to describe reactions.
Both such phenomena can have a significant impact on the final parameters found
using a spherical OMP to analyze associated scattering data.

These considerations lead us to the statement that it is impossible to define a unique
goodness-of-fit estimator for the phenomenological optical model that consistently gives
numerical, physical and subjective (i.e., visual) satisfaction simultaneously. Even for cases
where the systematic errors are completely known, which is very rare, there is always a
point in the optimization scheme where one needs to introduce an arbitrary weighting,
not only for one type of observable at different energies but also for different types of
observables. This weighting is then subjective, i.e., it is usually only accepted if the final
results come up to the expectations when judged by eye.

3.1.2. Simulated annealing

Part of our quest for the best OMP parameters is based on autopdatigtimization.

We have constructed an optical model optimization program written around ECIS-97 [6].
In fact, we have integrated ECIS-97 in this code as a subroutine and suppressed its input
and output to maximize the speed of the optical model calculations. In this way, we can
typically perform 500 ECIS calculations per second. The search scheme utilizes simulated
annealing [22]; a global optimization method that distinguishes between different local
optima.

In simulated annealing, starting from an initial point and evaluated function, the
algorithm makes a change in variable and re-evaluates the function. The algorithm then
accepts any “downhill” step and the process is repeated. An “uphill” step may be accepted
as well, an aspect of the process that enables it to escape from local optima. This “uphill”
decision is made using a Monte Carlo criteria with “temperature” and the size of the
“downhill” move assessed a probabilistic manner. The smaller the “temperature” and the
size of the “downhill” move, the more likely that move will be accepted. If the trial is
accepted, the algorithm moves on from that point. If it is rejected, another point is chosen
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instead for a trial evaluation. As the optimization process proceeds, the algorithm closes
in on the global optimum. Since the algorithm makes very few assumptions regarding the
function to be optimized, it is quite robust with respect to non-quadratic surfaces. For
the simulated annealing optimization, we have used the SIMANN program by Goffe et
al. [22], who developed it for econometric applications. We have found it competitive, if
not superior, to multiple restarts of conventional optimization routines for the optical model
optimization problem. For a certain initial temperature, a user-defined number of function
evaluations is tried. Then, the temperature is reduced, and starting from the previously
found minimum, the search continues. The degree of robustness of the search can be
adjusted by the user. The temperature, the number of function trials for each temperature
and the temperature reduction factor are the crucial parameters in a simulated annealing
search. It determines the probability that the function to be minimized escapes from a
local minimum, and also how quickly a final optimum is reached. We have minimized
the total number of trial evaluations by investigating the sensitivity of the optical model
problem to the parameters of the simulated annealing program. Nevertheless, the part of
the optimization that is done by? minimization takes about 2 million ECIS calculations

for a typical nucleus. We estimate the total number of ECIS calculations that lie at the
basis of this paper, i.e., including local and global OMPs, between 1 and 2 billions. The
automatic optimization of local and global OMP parameters has been done in iteration with
the visual method that will be discussed later.

3.1.3. Grid search

For the nuclides for which enough experimental data is available, we have used a grid
search as the initial step to obtain the OMP parameters. The basic idea behind the grid
search method, developed in Refs. [1,14,23], is that the search for the émdeggndent
geometry parameters is separated from the search for the etegrggdentunctional form
of the potential depths. In this way, one can avoid, to some extent, continuous parameter
ambiguities such a®pap = constant and/r‘z, = constant. We will now outline how
we have used grid search in our work. For the nucleus under study, our search includes
all experimental elastic scattering angular distributidiagd 2, total cross sections on
a reasonable (logarithmically equidistant) energy grid, and analyzing potygey by
means of the producd ,(9)do/dS2. We fix all geometry parameters, av, rp, ap,
rso, andasp to reasonable starting values, e.g., those of a preliminary version of our
global optical model. Then for each incident energy for which experimental observables
exist, we search for those values of the potential degthsWy, Wp, Vso, and Wso that
have the minimal? for that particular initial set of geometry parameters. Summed over
incident energies, this gives the toted for the geometry parameter set. Next, wergt
vary around its starting value in steps of 0.04 fm and repeat the search for all incident
energies. In this way, we determine the value for which the sum over minimgl2
values is itself minimal. Then, we repeat this with the other 5 geometry parameters. We
then return toy, now using steps of 0.01 fm, and the whole procedure is repeated a few
times until we have obtained a precision of 0.001 fm for each geometry parameter. The
final result of the grid search is thus one set of parametersy, rp, ap, rso, andaspoand
several sets of “best-fit” parametédrs, Wy, Wp, Vso, andWso, one set for each incident
energy. When plotted against energy, the potential depths belonging to this set of geometry
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parameters show a behaviour for which suitable functional forms can be estimated, and
these are the ones given in Eq. (7). Grid search is a powerful method to investigate the
energy behaviour of the various potential depths, although we were of course able to
anticipate some of our functional forms from previous works. Theoretically, the final result
should be the same if we would start with a general search of all geometry parameters
and all individual parameters that construct the functional forms for the potential depths.
However, the optimization problems mentioned in the previous section imply that this is
not guaranteed. The problem should be tackled on a more step-by-step basis. Indeed, we
can confirm that the separation of the search into a geometry part and a potential depth part
leads to better constrained results than allowing a fully free search from scratch. Only after
we determined the final grid search values for the geometry parameters and the parameters
(v1, v2, etc.) for the potential depths, have we performed a final “half-constrained” OMP
search for all parameters, since the chance of being caught in a local minimum was reduced
by the grid search. In this way, we found our final answer fortheart of the optimization

which was then used as a starting point in our visual estimation.

3.2. Visual goodness-of-fit estimator

Although the problems of using? as a measure may be obvious, they do not give
guidance to a solution for the optimization problem. Indeed, in the past, a purely numerical
optimization problem simplfradto be adopted in the absence of an alternative approach.
Varner et al. [4], in their extensive global optical model study, noted that “the procedure
had to search without human guidance, more than a dozen correlated parameters in a highly
non-linear model, since we know of no way that a human can compare data and predictions
in 292 angular distributions and reliably decide how to change the global parameters”.
However, in the past decade computer power has increased by several orders, enabling us
to use an approach that actually does rely on direct human guidance.

Realizing that the quality of an OMP is eventually always judged by visual estimates,

a method was developed at ECN [5] to obtain a good visual fit directly by means of so-
called computational steering. We used this in combination, and iteratively, with numerical
optimization to arrive at the best results. The means to perform the visual fitting is a
software package called ECISVIEW, a graphical interface built around the optical model
code ECIS-97 [6]. The basic purpose of ECISVIEW is the possibility to change optical
potential parameters interactively, with the keyboard or the mouse, and to display the
calculated curves, together with the experimental data, in real time on the computer screen.

ECISVIEW links to the input and output files of ECIS-97, while holding ECIS-97 itself
in the background in a wait state until the command to perform calculations is given. When
the user changes OMP parameters (with the mouse or the keyboard via several dialog boxes
as in a usual X-windows environment), ECISVIEW creates the associated ECIS input file
and initiates ECIS-97 calculations. The whole process leading to a graph on the screen is
very fast; seemingly instantaneous to the observer.

The data from a typical example is illustrative. Consider a nucleus for which angular
distributions at 10 different energies and total scattering cross sections for many energies up
to 200 MeV have been measured. With a run of ECISVIEW, those 10 experimental angular
distributions and, in a separate panel, the experimental total cross section, are displayed
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together with the theoretical curves calculated by some initial OMP parameterization.
When a parameter is changed, e.g., the radiyswithin about 0.2 seconds 10 new
calculated angular distributions are displayed with the data. Within about 2 seconds a
new calculated total cross section is plotted for the whole energy range. The analyzing
powers also can be displayed in a separate panel. One of the key features of ECISVIEW
is that one can specifgny functional form of the potential parameters; be it a function

of energy,Z and A, or of user-defined parameters. That flexibility and speed enables one
to try various functional forms for the parameters, and so seek insights about the OMP
that would otherwise be unattainable. In fact, our final OMP (7) was obtained with this
approach, of course in combination with the grid search that we described previously.

At a certain point in the optimization process, visual judgment of all observables
simultaneously often suggests which parameters need to be changed. For example, it is
known that at low incident energy an underestimation of angular distributions at backward
angles indicates a surface absorption that is too strong. If this underestimation occurs only
locally in energy, experience indicates which of the parameters that W& ) needs to
be changed. Another important example is the maximum in the proton total reaction cross
section at a few tens of MeV. The OMP result for this peak is known to be very sensitive
to the imaginary surface diffusivityp, and less sensitive t&p(E). Accordingly, we
interactively varyup until the proton reaction cross section is satisfactorily reproduced and
simultaneously “repair” the backward angular distributions by adjustiiag Hence, we
find that by simultaneously fitting the elastic angular distributions and the proton reaction
cross section data, we can circumvent the well-known ambigUjy p = constant.

For completeness we note that compound nucleus contributions [15] are included and
one can also change the level density parameters to study their influence on the calculated
results. Other features are described in Ref. [5].

Finally, for nuclides for which enough experimental data exists, comparison of our
OMPs visually obtained with those obtained by a purely automatic optimization through
grid search and using?/N per type of observable as the quality criterion lead to
differences of no more than 10%, so justifying use of the computational steering method.
Of course, in all cases, our final OMPs were the result of an iteration of grid search, visual
optimization and global OMP construction. However, we did start with a nucleus for which
a lot of experimental data existed. The resulting parameterization then heavily influenced
that we chose for neighboring nuclides with more restricted experimental databases. In that
way, all of our parameters could be kept reasonably close to a global average.

4. Resultsfor local neutron and proton OMPs

The complete experimental database for our work is detailed in Tables 1, 2 and 7 for
incident neutrons and protons, respectively. This database, together with the optimization
method outlined in Section 3 has yielded a suite of local OMPs. With our iterative
approach, we have been able to unify many of the parameters (mostly the geometry) for
neutrons and protons, which puts a heavy constraint on our OMPs. For each individual
isotope, the OMP is described by Eq. (7) with the parameters given in Tables 3—6
for incident neutrons and in Tables 8, 9 for incident protons. Results are available in
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computational format [9] as well. In this section, we discuss the performance of the OMPs
when compared with experimental data. Since global optical models will be the topic of
Section 5, the following discussion is restricted to the results from local OMP analyses.

4.1. Presentation of the results

This paper contains a comprehensive collection of figures in which experimental data
(represented by symbols) are compared with the local OMP (represented by solid lines)
and the global OMP (represented by dashed lines). The experimental data tables indicate
whether isotopes or natural samples are used.

For neutron total cross sections, as, e.g., in Fig. 2, the curves and data points at
the top represent true values, while the others are offset by factors of 2, 4, 8, and 16.
The experimental cross sections below 4 MeV have been averaged over logarithmically
equidistant energy bins in order to reduce the number of points.

For neutron elastic differential cross sections, as, e.g., in Fig. 3, the incident laboratory
energies are indicated in MeV. The curves and data points at the top represent true values,
while the others are offset by factors of 10, 100, etc. A similar representation is used for
proton elastic differential cross sections, as, e.g., in Fig. 33, although here the differential
cross sections are presented as ratios to the Rutherford cross sections.

For analyzing powers, as, e.g., in Fig. 7, the curves and data points at the top represent
true values, while the others are offset by factors of 2, 4, 6, etc.

4.2. Neutron-induced data

For neutrons, our analysis is based on about 800 elastic scattering angular distributions
do /dS2, 40 analyzing power angular distributiods (), and 140 total cross section sets
or. A significant part of these data are compared with the theoretical results in Figs. 2—31.
The references for the experimental data are listed in Tables 1, 2.

A few general statements can be made that apply to the whole mass range. Considering
the fact that only a modest number of adjustable parameters per nucleus is used with
a single functional form for the OMP, the overall agreement with experimental data is
very good. First of all, foroy above5 MeV, the deviation of the local OMP prediction
from experiment is on average within 1%, and it is seldom more than 2%. Almost all
of the measured; values above 5 MeV that we show are from just two experiments
performed at Los Alamos National Laboratory [24,25]. The experimental uncertainties of
these measurements are of the order of 1%. We believe this is the first time that such
an excellent description over such large mass and energy ranges is obtained within the
optical model approach. Note that the fitsogf, shown in Figs. 2, 8, 15 and 26 extend to
250 MeV, instead of our advertised validity limit of 200 MeV. Indeed, thgparameter is
only included in our parameterization (7) to find good results for the total cross section in
the energy region 180-250 MeV. This is a purely phenomenological effect. The Woods—
Saxon form factor fody is inadequate in this energy region, which would be more clearly
revealed by the more exclusive neutron differential data. However, such data are lacking in
this energy region.
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The general description afo/d$2 is also good over the whole energy range, with
a globally adequate contribution of the CN process. Nevertheless, there are some local
deviations from the experimental data that deserve attention. These will be described in the
following discussion, which has been divided into several regional mass ranges. In total,
local OMPs have been constructed for4 < 148 and 194< A < 209. Nuclides outside
this range are too light or too deformed to be described by our approach. Also, one has to
bear in mind that the final results are always a trade-off betweeto/d$2, andA, data,
i.e. we have strived to divide the quality of fit equally over these observables.

4.2.1. Mg, Al, Si, P, S, Cl, Ar, K and Catargets

The results fobr for some of these targets are plotted in Figd2/d 2 in Figs. 3—6,
andA, in Fig. 7.

Obviously, for these light nuclides the most problematic issue is the descriptignadf
low energies. Narrow and broad resonances with large amplitudes appear in the hundreds
of keV to few MeV range and the optical model is only expected to provide smooth average
results in this region. This is realized to some extent by our OMPs, althoudfGarthe
shape of the predicteg deviates from the experimental data points below 100 keV.

The lightest examples of this sétMg, 2’Al, and 28Si are deformed nuclides, which
may be the reason for the observed discrepancies inléh@ds2 between about 5 and
10 MeV for 2*Mg and 28Si. Also, for such light nuclides an effective mean field may
no longer provide a totally adequate description of the nucleon—nucleus many body
problem. Note however that at higher energies the calculations match the data fairly well.
Apparently, as the incident energy crosses the thresholds for inelastic scattering to discrete
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Fig. 16. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
89y, 917r, and94Zr. For more details, see Section 4.1.
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Fig. 17. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
907r and92zr. For more details, see Section 4.1.
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Fig. 18. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
93Nb and?2Mo. For more details, see Section 4.1.
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Fig. 19. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
92\0 and9®Mo. For more details, see Section 4.1.
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Fig. 20. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
98Mo and1%Mo. For more details, see Section 4.1.
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Fig. 21. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
100Mo and193Rh. For more details, see Section 4.1.
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Fig. 22. Comparison of analyzing powers and experimental data, for neutrons scatteré@¥r&#Nb, 120sn,
and298pb. For more details, see Section 4.1.
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Fig. 23. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
108pg and'97Ag. For more details, see Section 4.1.
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states, coupled-channels effects appear to be maximal, whereas they tend to disappear at
increasing energies. Difficulties at low energies with using the spherical optical model is
a well-known issue that was addressed in the past for proton elastic scattering from light
and medium mass nuclei in the 25-50 MeV energy range [26,27]. This problem was also
discussed at length in Ref. [28], where coupling to giant resonances was shown to be a clue
for solving most existing discrepancies between OMP predictions and scattering data at
backward angles. This specific nuclear structure effect identified in the reaction mechanism
of incident protons is indeed relevant to the OMP description of neutron scattering from
light and medium mass nuclides of present interest. It deserves consideration in a separate
study. We intend to repeat our work with full coupled-channels calculations for deformed
nuclides, which will hopefully further elucidate such dependencies. The reeeiats2
measurements for Si at 55, 65, and 75 MeV by Baba et al. [29] were inchftedthe
construction of the local (and global) OMP.

A recurring, and well-known problem [1,30,31] is formed by the/d 2 for “°Ca in
the energy range 6-12 MeV. The data is not as sharply structured as the OMP result, and
it is not yet known why this happens for this spherical nucleus. Again, coupling to giant
resonances [28] might alleviate this burden. The predigtgcit 10 MeV suffers from a
similar deviation from the data.

4.2.2.S¢ Ti, V, Cr, Mn, Fe Ni, CoandCutargets
The results for for some of these targets are plotted in Figd8,/d 2 in Figs. 9-14,
andA, in Fig. 7.
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Fig. 25. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
1161181201245 For more details, see Section 4.1.

A well known problem, and one that is not solved in this paper, is the poor description
of o7 below 3 MeV in the Cr—Ni region. The measurements suggest a broad low-energy
structure which is not predicted by our OMP. Dispersion relations [32] and a coupled-
channels approach [33] only partially solve this problem and so far only an optical model
with a contribution from selected partial waves has been able to reproduce the data [34].
With ECISVIEW we have found that only a locAtdependence of the volume and surface
geometry parameters at low energies can account for the required extra minimum around
1-2 MeV. Since there does not seem to be a physical ground for this, and we only use this
approach for purely applied purposes, we will not discuss it in the present paper. For targets
around copper, our low-energy model results are again in phase with the experimental data.
At energies above 3 MeV, we get the usual agreement with data, to within 1-2% for each
nuclide.

The predictedio/dS2 are in good agreement with experiment for all target nuclides
in this mass range. The largest deviations seem to occur for the first minimum in angular
distributions of®®Mn and to a lesser extent for the data from the other odd nuefide.

In the case oP°Mn, we suspect that it was experimentally impossible to resolve the first
low-lying inelastic level from the elastic channel. The only other problem we have in this
mass region concerns the shoulder before the first minimuff@n elastic scattering
between 8 and 12 MeV. This nucleus is deformed which again may be the cause of our
underprediction of the experimental data [35].

Thedo/ds2 results at 21.6 and 23 MeV f&PCo illustrate another advantage of our
global OMP approach, namely that it brings to surface inconsistencies between several
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Fig. 27. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
123g 127 128Tg and!38Ba. For more details, see the caption of Fig. 3.
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Fig. 28. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
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Fig. 29. Comparison of predicted differential cross sections and experimental data, for neutrons scattered from
197Au, 202Hg and208pb. For more details, see Section 4.1.

data sets. The effective mean field is not expected to change as much as is suggested by
these two angular distributions. A comparison of the results for 21.6 and 24 MeV angular
distributions for®®Ni support this statement. Again, we assume that the difference can be
attributed to the contamination of the experimental scattering cross sections by inelastic
processes that have not been resolved in the measurement at 23 M&gdoiThe recent
do/d$2 measurements for Fe at 55, 65, and 75 MeV by Baba et al. [29] were inciiged

the construction of the local (and global) OMP. Finally, thedata are well described for

all nuclides in this mass range.

4.2.3.Se Gg As, Sr, Y, Zr, Nb and Mo targets

The results foor for some of these targets are plotted in Fig. d5/d$2 in Figs. 14
and 16-21, and, in Fig. 22.

In this mass range, the calculated and measuedalues are in excellent agreement
over the whole energy range. Only f&tY and°9Zr at energies between 3 and 7 MeV, is
the deviation between our OMP and the data large (about 4%). For all other targets and
energies above 1 MeV, the usual 1% precision is found.

Concerning angular distributions, we first note that®8e at several incident energies
the experimental data sets are in disagreement with our results at the first minimum. This
may stem from mishandling of sample size effects (i.e., attenuation of the neutron flux, and
multiple scattering in the sample) while extracting the actual data value at each angle from



A.J. Koning, J.P. Delaroche / Nuclear Physics A 713 (2003) 231-310 275

10° ; ; 10

2®ph(n,n)**Pb

2ph(n,n)**Pb

do/dQ (mb/sr)
do/d2 (mb/sr)

9
107 | 1 I 1 Il 10° | I 1 L | 1 | 1 . i
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180

0,, (deg) 0, (deg) 0, (deg)
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raw data. The description of thér /d$2 for 82y, 99Zr, and23Nb is almost perfect. For
the heaviest Mo-isotopes, which are of a deformed nature, there is some overestimation
at backward angles for incident energies above 6 MeV (see, e.g., incident energies of 9,
11, and 26 MeV for'®Mo). However, there could be some conflicting measurements
in this energy region. The experimental data at 20 MeV seem to strongly contradict our
predictions for all Mo-isotopes, including the near-spherféo, where our description
at the other energies is very good.

The recentdo/d$2 measurements for Zr at 55, 65, and 75 MeV by Baba et al. [29]
were includedafter the construction of the local (and global) OMP. The data are well
described for all nuclides in this mass range.

4.2.4. Rh, Pd Ag, Cd, In and Sntargets

The results fobr (i.e., for'20Sn) are plotted in Fig. 150 /d 2 in Figs. 21 and 23-25,
andA, (i.e., fort20Sn) in Fig. 22.

The transition region aroundt = 100-114 should strictly be described by the
coupled-channels formalism. Nevertheless, a spherical approach for these nuclides gives
surprisingly good results, especially for energies above a few MeV. A small price is to be
paid for this however. We note that the value (10) for the optical model parametsee
Table 6), which drives the low-energy behaviour of the surface absorption, lies somewhat
outside the global average for the nuclid@Mo, 1°°Rh, and%®Pd. Apparently, this is
needed to mask some low-energy collective effects for these nuclides. Not shown here are
theor for deformed nuclides like Rh, Pd, and Ag. Our OMPs overpredict the data for these
nuclides below 5 MeV by about 5-10%. The total cross section for Sn is again very well
described.

Thedo/ds2 data for the deformed nucled$3Rh seem to suffer somewhat from our
spherical model approach. Although the phasing of the angular distributions is satisfactory,
the extrema are not completely reached. This also is the case to some ext¥liPtbr
and14Cd in the region between 4 and 6 MeV. When we reach the next region of (near-)
spherical nuclides, the In and Sn isotopes, we again obtain very good agreement for all
energies. Thel, measurements fd°Sn are well described.

4.2.5.Sbh 1, Te, Ba, La, Ce, Pr, Nd and Smtargets

The results fobr (i.e., for140Ce) are plotted in Fig. 26, anfb/d $2 in Figs. 27-28.

140ce is one of the few isotopes for which high-energy neutron total cross section
measurements were performed prior to the large measurement program of Refs. [24,25].
The high-energyr values are well described by our OMP results. However, a conspicuous
issue is the relatively large difference between the local and the global OMP prediction for
or of 140Ce below a few MeV.

For nuclei other thaf?3Sb, there are only a few measurements per isotope in this mass
region. Hence, the OMPs had to be carefully designed by combining different adjacent
nuclides simultaneously in the optimization process. The results are not satisfactory
for 14 MeV on 123Sh and for'#!Pr at several incident energies. However, the good
performance for neighboring nuclides again reveals the issue of the quality of the
measurements. It is often difficult to discern whether the limitations are due to the optical
model or due to the experiment. An extraordinary case is the 21.684e¥ 2 for 140Ce,
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where we get perfect agreement from 40 degrees to the very backward angles, but where
our OMP, in contrast with the data, predicts a sharp minimum at 30 degrees.

4.2.6. Au, Hg, PbandBi targets

The results four for some of these targets are plotted in Fig. 26/d $2 in Figs. 29—
31, andA, in Figs. 22 (for’%Pb) and 31 (fof*%Bi).

197Au and several of the isotopes of Hg are slightly deformed. The failure of a spherical
optical model to describe deformed nuclides is often indicated by an inadequate prediction
of the extrema in the total cross section. This occurs to some extent for Au (below 10 MeV)
and Hg (below 3 MeV). For the spherical nuclick®Pb and???Bi the situation is again
under control, although there is a slight overestimation (5-10%) ofthmeasurements
for energies below 500 keV. For these heavy nuclides, more Ramsauer resonances appear
than for the light nuclides of, e.g., Fig. 2. We mention here that the proper description
of the last minimum inor around about 50 MeV is very sensitive to the choice of OMP
parameters. Only a very constrained combinatiotvef Wy, ry, ay, and Wy is able to
describeor in this region. A precise description ef for heavy nuclides caonly be
obtained by means of the power 2 in the Brown—Rho functiorgwfsee Eq. (7), whereas
for lighter nuclides a power of 4, with different choices for andwo, leads to a solution
of equivalent quality. Indeed, ther measurements for Pb and Bi directed us to a global
choice of the power of 2.

Only a fewdo/d$2 measurements have been performed for Au and Hg. Our OMPs
give a reasonable description of the data, although we anticipate that the coupling to the
low-lying collective levels of the deformed Au-nucleus will have a significant effect on the
prediction ofor and the first angular minimum at low incident energies [36]. For Pb and Bi,
this phenomenonis no longer present although our results for these nuclides underestimate
the last oscillation in angular distributions between 4 and 8 MeV. This has been observed
before [37,38]. At the other energies, close agreement is obtained over the entire angular
range. In general, tha, data are well described.

4.3. Proton-induced data

For incident protons, our analysis is based on about 250 elastic scattering angular
distributionso (0) /oruth, 90 analyzing power angular distributiods, (9), and the large
compilation of reaction cross sectiong of Ref. [39], augmented with the recent data
of Ref. [40]. A significant part of these data are compared with the theoretical results in
Figs. 32—-44. The references for the experimental differential data are listed in Table 7.

In general, the proton fits are of somewhat lower quality than those we have obtained
for neutron scattering. A particular problem arises at the highest energies, above about
150 MeV, where the phasing of forward angt€d)/oruth is often not satisfactory. At
these energies, the validity of the Woods—Saxon form factors begins to break down
and E-dependent geometry parameters would be required to mimic a different shape of
the density distribution of the nucleus. However, we have chosen to retain our unified
functional form for the OMP parameters, rather than adopting unphySicedpendencies
of the parameters, at the expense of a somewhat lower quality of fit at the highest energies.
The description of protod , data is generally quite good, with the exception of the lightest
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nuclides and at the highest energies. On average, the difference between calculated and
measured reaction cross sections is between 5 and 10%.

4.3.1. Al, Si, andCatargets

The results fory for these targets are plotted in Fig. 329)/oRruth in Figs. 33—-34,
andA, in Fig. 35.

The predicted proton reaction cross sections are in good agreement with the measured
data above 20-30 MeV. At lower energies, we overpredict the data by about 10%.
Apparently, the problems of our OMPs to fit differential data for light nuclides are larger
for protons than for neutrons. Again, there could be two reasons for this: first, our proton
OMPs may not be appropriate for nuclides as light as Al and Si, and second, the data
may be mutually inconsistent. Note how th€)) /oruth for 28 MeV protons incident on
27Al is underpredicted by our local OMP, while the same reactioA®&iis overpredicted
by roughly the same margin. Such a large difference between two adjacent nuclides is
not expected from a theoretical point of view. Notwithstanding possible experimental
problems, our predictions for these nuclides tend to produce a too structured angular
distribution, which is exemplified by the (9)/oruth at 17 and 61.4 MeV fo?’Al, and
17.8 and 40 MeV for8Si. Similar problems were discussed for neutrons in Section 4.2.1.
The first minima in the data at the highest energies’fai are not reproduced and there
are backward angle problems f8Si. Theo (9) /oruth fits at high energies are much better
for 40Ca, although here the same phasing problem as for neutrons appears for energies
below 30 MeV. For theA, data for light nuclides, the description is reasonable, although
at the highest energies the extrema are not completely reached. Also for 14.5 and 16 MeV
protons incident ori°Ca, there is a significant overprediction of the data around 90
degrees. These findings are consistent with those of the semi-microscopic optical model of
Ref. [1].

4.3.2. Fe Ni andCutargets

The results fowy for these targets are plotted in Fig. 320)/oruth in Figs. 34 and
36-38, and4, in Figs. 39-40.

Not only are the proton reaction cross sections for these nuclides fitted very well, but
also theo (0)/oruth are described excellently at all energies. The exceptions are some
phasing problems in a few angular distributions at angles beyond 130 degrees (e.qg., for
40 MeV protons incident ofFe) and an inconsistent behaviour of eW®) /oruth versus
data at 100 and 160 MeV protons incident ¥i. An overall good description of the
A, data is obtained, although at the highest energies, the extrema of,tiage too
pronounced. Again, this is consistent with the behaviour found in a semi-microscopic OMP
approach [1].

4.3.3. Zr and Sn targets

The results fob i for these targets are plotted in Fig. 320)/oruth in Figs. 38 and 41,
andA, in Fig. 42.

The predicted proton reaction cross sections are slightly higher than most of the
data points forP%Zr, while the description fof2%Sn is good. In terms of experimental
differential data®%Zr is a well-covered nucleus and thus particularly suitable to assess the
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Fig. 32. Comparison of predicted proton reaction cross sections and experimental data, for nuclides in the Al-Pb
mass region, for energies up to 250 MeV. For more details, see Section 4.1.
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Fig. 33. Comparison of predicted differential cross sections and experimental data, for protons scattered from
27l and 28Si. For more details, see Section 4.1.

201.4
10’8 1 ! 1 RSN 1043 L L L \ 10’7 I ! L I L
0 30 60 90 120 150 180 0 30 60 90 120 0 30 60 90 120 150 180
0,,, (deg) 0, ,, (deg) 0., (deg)

Fig. 34. Comparison of predicted differential cross sections and experimental data, for protons scattered from
40ca andPFe. For more details, see Section 4.1.
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Fig. 35. Comparison of analyzing powers and experimental data, for protons scatteretPSioand4°Ca. For
more details, see Section 4.1.
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Fig. 36. Comparison of predicted differential cross sections and experimental data, for protons scattered from
54,56Fe, For more detalils, see Section 4.1.
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Fig. 37. Comparison of predicted differential cross sections and experimental data, for protons scattered from
58N, For more details, see Section 4.1.
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60Ni and 99Zr. For more details, see Section 4.1.
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Fig. 41. Comparison of predicted differential cross sections and experimental data, for protons scattered from
907 and12%sn. For more details, see Section 4.1.
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Fig. 42. Comparison of analyzing powers and experimental data, for protons scatteréZmand20sn. For
more details, see Section 4.1.
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Fig. 43. Comparison of predicted differential cross sections and experimental data, for protons scattered from
208ph, For more details, see Section 4.1.

performance of an OMP over a large energy range. Apart from the first minima of the
o () /oruth calculations at high energies, the description is good 1E%8n the measured
data at 156 and 160 MeV were arbitrarily renormalized480%. The agreement fot,

is satisfactory.

4.3.4. Pbtarget

The results fow for this target is plotted in Fig. 32;(0)/oruth In Fig. 43, and4, in
Fig. 44.

Our OMP underestimates the total reaction cross section below about 25 MeV, as does
the semi-microscopic OMP of Ref. [1]. However, our description @) /oruth IS good in
general. There are isolated phasing problems at 79.9 MeV, an overestimation at backward
angles between 24 and 35 MeV and too much structure at backward angles between 40 and
50 MeV. The phasing of thd , data is again very well described, but at high energies the
extrema are not. The, data at 200 MeV form a rare example where the semi-microscopic
approach of Ref. [1] performs better than our OMP does.

5. Building nucleon—nucleus OM Ps
Up to now, we have built individual best fit OMPs separately for neutrons and protons

incident on many (near-)spherical nuclei, with results shown in Figs. 2—44 and individual
parameters gathered in Tables 3—6 and 8, 9.
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When plotted versug or (N — Z)/A, all these parameters display smooth patterns
which can be modeled by closed forms or constant values. The natural next step is to
optimize this mass dependence to obtain a global OMP. This will be done in two steps:
First, we identify the asymmetry and Coulomb correction components of the potential.
Next, we generate the global form of all the parameters. In all expressions with numerical
parameters, units of fm and MeV are used.

5.1. Asymmetry- and charge-dependent components

The proton and neutron OMR%, andl/, that were optimized in Sections 3 and 4 on
a nucleus-by-nucleus basis are combined to extract the isostfg)aar(d asymmetryi{;)
components of the nucleon—nucleus OMP. In general, the real central potéigidivided
in an isoscalar componekp and an asymmetry componeérit as follows:

V=VoxaVy, (8)

with the asymmetry parameter= (N — Z)/A and the upper (lower) sign is to be used for
protons (neutrons). Here, we follow a method suggested by Mahaux and Sartor [11]. This
states that the real part of the nuclear mean field felt by a nucleon in nuclear matter, whose
energy would be equal t& in the absence of a Coulomb potentladd and of neutron
excessy is

Va(E) = Vo(E —aV1) +aVa,
Vp(E)=Vo(E — Ve +aV1) —aVi, (9)
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for neutrons and protons, respectively. Expanding the tefpi& — V1) and V,(E —
aVy + V) to first order yields

*

-1
Vi(E) = [ 22— (E) | [Va(E) = V,(E + Vo)),
m

Vo(E) = Vi (E) —aVl(E)[l— aiEV”(E)]’ (10)
with the effective mass

m* 10

;(E)Zl—Eﬁ[vn(E)+Vp(E+VC)]~ (11)

For spherical nuclei, these components can be written as

*

-1
Vai(r, E) = [2(%@(& E)] [Vva(r, E) = Vy p(r, E + V)],
m

ad
Vo(r, E) = Vy u(r, E) —aV1(r, E) |:1— B_EVV’n(r’ E):|, (12)
with
m} 190 =
;(’: E)_l_éﬁ[vv,n(rv E)+Vv,p(raE+VC)]7 (13)

where V¢ is the Coulomb potential averaged over radial coordinates. Theoretically, the
same method and reasoning may be adopted to achieve the decomposition of imaginary
central components of the proton and neutron OMPs to produce isoscalar and isovector
imaginary (surface and volume) potentials and related effective masses.

To obtain a practicable solution, we assumed that the effective masses related to real
and imaginary potentials are constant and can be approximated by

* k *
My _Mwa _ Mwy _ 1, (14)

m m m

where mj,,/m and my, /m are the effective masses related to surface and volume
imaginary potentials, respectively.

Adopting effective masses equal to unity hence from now, the neutron and proton OMPs
may be expressed in terms of isoscalar and isovector components in a simple manner.
For convenience, we abbreviate our notation and focus only ot tHependence of the
potential depths. The real well depths for incident neutrons and protons may be defined as
follows [41]

Vv n(E) = Vo(E) —aVi(E), (15)
— 0
Vy p(E) = [1— VCE][VO(E) +aVi(E)], (16)
where
173 Z

== (17)
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assuming a uniform charge distribution of radiRs = rc AY/3. The reduced Coulomb
radiusr¢ takes on values which are not constant through the mass range of interest. It is
parameterized as

re =1.198+ 0.697A7%/3 + 129944753, (18)

a closed form which results from a fit tac values deduced for many nuclei [42]
from Hartree—Fock and Hartree—Fock—Bogoliubov predictions based on Gogny's D1S
force [43].

In most phenomenological OMP analys®sjs taken as a constant, ai@ ,, Vv , and
Vo for self-conjugate (i.eq = 0) nuclei (and implicitlyVp for nuclei witha # 0) as linear
functions of energy [44,45]. In those OMP&, , is expressed as

Vy p(E) = Vo(E) +aVi+ AVe, (19)

where AV is the so-called Coulomb correction term, which takes on constant values
ranging fromAVc = 0.42Z /A3 MeV [46] to AVc = 0.48Z/AY/3 MeV [47]. Since

the E-dependence adopted in Eq. (7) for the real central potential depths breaks the
linear E-dependence assumption, in our stulyc is no longer constant. In principle,
AVc¢ should be obtained together witth(E) and Vi(E) from solving Egs. (15) and

(16) simultaneously. This is not an easy task, so we have proceeded by making further
approximations.

The first approximation concerns titledependences dfp(E) andV1(E). Microscopic
calculations [48], semi-microscopic OMP calculations [1], and phenomenological analyses
of quasi-elastic g, n) scattering [49] suggest that1(E) decreases smoothly with
increasing energy. Sincey ,(E) and Vy ,(E) are also decreasing functions of energy
in our work, we make a second assumption, namely thaE) and V1(E) display the
sameE-dependence as that féfy ,(E) and Vy ,(E). More explicitly, we assume that
Egs. (15) and (16) may be expressed as

Vv (E) = (Vo —aVi)gu(E),
— 0
Vv,p(E)=(Vo+aV1)[1—Vca—E]gp(E), (20)

whereg, (E) andg,(E) are closed forms similar to that adopted tar(E) in Eq. (7), and

where the equalitg, (E) = g,(E) should hold for the sake of consistency with Egs. (15)

and (16). We have not been able to fipefunctions which exactly fulfill the relation

gn(E) = g,(E). To some extent, this may be related to the Fermi energies, embedded in the
closed forms (7), which take on distinct values for neutron and proton shells. However, we
have found that the functiorgs (E) andg, (E) as built from our local OMP parameters are
close enough to make meaningful and successful analyses dealing with the establishment
of nucleon—nucleus OMPs from proton and neutron OMPs. A careful analysis is indeed
required since there are ambiguities in the determination of the asymmetry potential and
Coulomb correction term, both of which are components of real central potentials.

A similar analysis may be applied to the absorptive potentials. For these potential
components, information collected in earlier works is scarce and only qualitative in nature.
To some extent, this is due to the precision with which the imaginary potentials were
obtained from fits to proton and neutron scattering data. Usudllyand Wy values are
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empirically determined to within at least 10%, while the level of uncertainty is typically

of the order of 1% to 2% fo¥y values. As a consequence, it appears difficult to deduce
sound values simultaneously for the asymmetry and Coulomb correction components of
the imaginary potentials, though attempts e Z nuclides have been made [46,50,51].
Here, we have been able to extract the asymmetry component for the imaginary surface
potential, assuming that the Coulomb correction term may be ignored, but have not been
able to do so for the imaginary volume potential.

5.2. Global nucleon—nucleus OMP

As a first step, the global OMP analysis has been performed separately for neutron and
proton scattering and reaction data. As soon as we found it possible for any of the neutron
and proton potential parameters (except for the potential depths) to assign a common value,
we decided to do so. Actually, these parameters were obtained after performing many trials
during which the parameters tied with the adopted closed forms are tuned. We proceeded
with these manual iterations until we obtaingd E) ~ g,(E) when solving Egs. (15),

(16).

5.2.1. Real central potential
For the real potential depths the results are

Vyn(E) = [59.3—0.024A — 21.0¢]

x [1—v3(E — E%) +v3(E — E%)® —vi(E - E%)°), (22)
with E} vy, v, andvy values in Table 10. Note that, in the spirit of a smooth global OMP,

the Fermi energ;E} is now given by a global form. For protons, we have
Vv, p(E) = [59.3—-0.024A 4+ 21.0¢]
2 3
x [1— vy (E — Ef) +v§(E — E})" —vj(E — E})"] + AVc(E),
(22)

with E’f’ vy, v&, andvj values in Table 11, and with the Coulomb correction term

AVe(E) = Ve[v] — 205 (E — E?) + 30} (E — E7)?]
x [59.3— 0.0244 + 21.0a]. (23)

To study the effect of th&-dependent Coulomb correction tetv¥¢ on the present
OMP predictions, we have also performed an analysis with a constant Coulomb correction
term for the real central potential, with valueVe = 0.42Z/AY3 (MeV). The overall
description of proton scattering data with this constant Coulomb correction term was not as
satisfactory as it is now with Eq. (23), especially for- 120 MeV. It is worth mentioning
that this particular energy dependence is taken into account in an effective way in the
local OMP parameters fdry (E) of Eq. (7), which does not include an explicit Coulomb
correction term.

The Coulomb correction term\ Ve (E) of Eq. (23), for thel29Sn target, and for
energies between 20 and 200 MeV, is shown by the solid curve in Fig. 45. Evidemy,
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Table 10
Potential depth parameters and Fermi energy for the neutron global OMP of Eq. (40)
vf =5930-210(N — Z)/A —0.024A MeV
Vg =0.007228- 1.48x 10764 Mev—1
vl =1.994x 1075 -2.0x 10784 MeV—2
v =7x10"° MeVv—3
w’{ =12195+0.0167A MeV
w’27 =7355+ 0.07954 MeV
df =160—-160(N — Z)/A MeV
d3 =0.0180+ 0.003802 (1 + expi(A — 156)/8]) Mev—1
d3 =115 MeV
vl =5.922+0.00304 MeV
v, =0.0040 Mev-1
wly =-31 MeV
wlo =160 MeV
E} = —112814+ 0.02646A MeV
Table 11

Potential depth parameters and Fermi energy for the proton global OMP of Eq. (41). The parameter values for
neutrons are given in Table 10 appears in the Coulomb correction temV¢ (E) (see Eq. (23)), of the real
central potential

vy =59.30+4 21.0(N — Z)/A — 0.024A MeV
b =0.007067+4.23x 104 Mev—1
vl =1729x 107°+1.136x 1084 Mev—2
vf = "Z MeV—3
wy = 14,667+ 0.0096294 MeV
wg = w’27 MeV
dlf =160+ 16.0(N — Z)/A MeV
dy =d} Mev—1
df =d} MeV
vé)ol = "gol MeV
vspoZ = U:OZ Mevil
wgol = wgm MeV
Wi =W MeV
E; = —8.4075+ 0.013784 MeV
Ve =173/rcZA1/3 MeV

behaves nearly as a linear function and with values ranging from 0.5 MeV to 5.5 MeV.
For comparison, this figure also includes the ust&lc = 0.42Z/AY3 constant value
(dashed line). From this comparison, we suggest that most earlier OMP analyses focusing
on proton data available over a narrow energy range, typidally 15-30 MeV, led to
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Fig. 45. Energy dependent Coulomb correction term, see Eq. (23), of our global OMP (solid line) versus constant
Coulomb correction (dashed line), f&#%Sn.

ambiguous results for the determination of both asymmetry and Coulomb correction OMP
components.

In this work, it was implicitly assumed from the beginning that the real asymmetry
potentialV, has a volume shape, like in most previous OMP studies [41]. To first order in
(E — Ey), theVy depth of Egs. (21), (22) is a linear function of incident energy, namely

Vi(E)~21—0.15E, (24)

assuming a mean Fermi energy valug Bfr) ~ —6 MeV. This estimate is in rather good
agreement with results fronmp(n) reactions to isobaric analogue states, as summarized
in Ref. [52] and from previousn( n) and (p, p) scattering data analyses [53]. Values
determined with Eq. (24) are also in fair agreement with predictions from nuclear matter
calculations [48], provided they are renormalized to maggh:j quasi-elastic scattering
data [3].

We found it necessary to consider the isoscalar compadvigot our global OMP to be
slightly A-dependent. Such atrdependence was mentioned previously for single-particle
bound state calculations [19], and also in proton scattering analyses [41], where a possible
hidden isospin effect was suggested. In this work, it automatically emerges from the local
OMPs. The found well depths of the real central potential can only be reproduced by
a global OMP if the separation between an asymmetry term and a term lingaam
in Eq. (21) is adopted. Otherwise, a too large asymmetry strength will induce too large
differences inVp values along isotopic chains. Moreover, it will never account for the
proper asymmetry term necessary to describe proton scattering. Note that the Hieear
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does not change sign for protons. Thus, contrary to the previous point of view [54], which
stated that the quality of the existing experimental database was insufficient to isolate such
a term, we have now been able to extract the lineéderm of Vy (E) in the global OMP
as a true effect. The linear-dependence is also necessary to compensate for the increase
of ry with mass, which has also been clearly identified in our grid search on a nucleus by
nucleus basis.

Next, we discuss the geometrical parameters, which are displayed in Fig. 46. In our
global OMP,ry is parameterized as

ry = 1.3039— 0.4054A1/3, (25)

This functional form was also adopted in the global OMP of Varner et al. [4], and has been
confirmed by parameterizations of nuclear charge radii [55] and by folding models of the
nucleon—nucleus potential. On average, thevalues of Eq. (25) are between 0.01 and

0.03 fm higher than those of Ref. [4]. This difference may result from the fact that our
global value is based on individually obtained parameters, as opposed to a value obtained
from one global fit to all experimental data. Also, besides the elastic scattering angular
distributions and analyzing powers used in Ref. [4], we also included total (reaction)
cross sections and average resonance parameters in the process to obtain our OMPs. The
diffuseness parameter of the volume potentials decreases with mass as

ay = 0.6778— 1.487x 10%A. (26)

This formula shows that the difference between #heparameters of the lightest and
heaviest nuclides in our study is only about 0.03 fm. We mention here that, for the sake
of predictive performance, the global values of Eq. (26) are slightly less than those

that would result from a best-fit curve through the data, as can be observed in Fig. 46.
Arguably, this means that there are still some cross-correlations in the parameterization of
the real central potential to be uncovered. The overall effect of the mass dependence of the
potential depths and geometries will be further discussed in Section 6, where we examine
the volume integrals.

5.2.2. Imaginary central potential
The global functional form for volume absorption is

(E - E})?

Wy n(E) = wY s 27
oy A &N
with w} andw? values in Table 10 for incident neutrons, and
(E - E})?
Wy p(E) =w! : (28)

H(E - ED2+ (wh)?

with wf andwg values in Table 11 for incident protons. We find an asymptotic parameter
w1 thatis approximately 2 MeV higher for protons than for neutrons. The decomposition of
the volume absorption into isoscalar and isovector components has also been investigated.
We failed in this attempt becaud&y is not well constrained by the proton scattering

and reaction data available beyohd= 150 MeV. Invoking a Coulomb correction term
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for volume absorption would be counter-productive: it is negative siigeincreases
with incident energy. There is a slight-dependence in the parameters that di¥e.
The increase with mass af; is consistent with the mass independence of the imaginary
volume integral, as confirmed recently in a semi-microscopic approach [1]. We have not
found evidence that this mass dependence could simulate the need for an asymmetry term.
For completeness, we repeat here gt E) is associated with the same geometry as that
for Vy (E).

For surface absorption we obtain

(E — E%)?
(E — E'p? + (d3)?
with 45 andd; values in Table 10, and

Wp ,(E) = [16.0+ 16.0 (E— Ep* exd —d? (E — E? (30)
D,p( ) [ .0+ 16. a](E—E?)Z—l—(dg)z XF{ 2( f)]’

Wpu(E) =[16.0 - 16.0c] exq—d3 (E — E})], (29)

with 4§ andd} values in Table 11. Note that we have not included a Coulomb correction
term, AWc¢, for the imaginary surface potential. Siné®p is not determined with a
precision better than 10% to 20% from our fitting procedure, as pointed out before, the
extractedA W values are ill defined, so we found it better to ag¥v- = 0.

For incident neutrons, the reduced radius and diffuseness parameters for surface
absorption both decrease with mass

rp = 1.3424— 0.015854 Y3, (31)
" =0.5446— 1.656x 10 %A. (32)

For incident protons we had to adopt a surface diffuseness parametehnich increases
with mass and which is generally larger thagg for neutrons,

ah =0.5187+5.205x 10 %A. (33)

This was necessary to obtain a satisfactory fit of the proton reaction cross sections.
A possible explanation for this has been given by Satchler [41] and Menet et al. [56],
who postulate an asymmetry term in the surface diffuseness parameter.

5.2.3. Spin—orbit potential

The complex proton and neutrd®O potentials vary similarly in depths and radial
shapes, as was deduced earlier in a systematic semi-microscopic analysis [1,3]. Following
conclusions of that work, here we make the assumption tha&d@@otential components
are identical for both incident neutrons and protons. For incident neutrons th&@eal
potential has the form

VSO(E) = vy exf—vip(E — E)], (34)

with v, and v, values in Table 10. The same expression holds for protons. The
imaginarySOpotential depth for incident neutrons has the form

(E — E'})?

WeolE) = a2 wig?”

(35)
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with wg, andwg, values in Table 10. The same expression holds for protons. We found
no mass dependence of thgg(E) parameters. The mass dependencggfis similar to
that ofry, namely

rso=1.1854— 0.647A~1/3, (36)
and theSOdiffuseness parameter has a constant value
aso=0.59. (37)

The rather low globatsg curve in Fig. 46 results from the large number of individigsd

values at lower masses and the adopted functional form (36). This induces a too low global
rso value for the heavy nuclides. Nevertheless, the impact is small. Finally, we ignore
the CoulombSO potential (also known as Mott—Schwinger potential) which for incident
neutrons impacts the OMP predictions in a significant way only at very forward angles of
differential cross sections and analyzing powers [1].

5.3. Results for global optical model

5.3.1. Neutrons

The results of our global neutron OMP are shown as dashed curves in Figs. 2-31
where they are compared with local OMP calculations and scattering and reaction data.
Apparently, the global OMP results are nearly as good as those based on local OMPs of
the present work, and describe the whole data set as well. The only conspicuous deviations
from the local OMP results and from the experimental data can be found for neutron
total cross sections below 1 MeV. Also, for some elastic scattering angular distributions
at backward angles the difference is non-negligible. For some individual nuchtisls (
28gj, 48Tj, and>1V) the global OMP underestimates the local OMP results whereas for a
few others $67100\0) there is a slight overestimation. Indeed, the dispersion of individual
nuclide parameters around the average is the largest for the surface absdtptiaich
is responsible for this behaviour. Thus we have not been able to globg}izas well as
the other OMP parameters. For analyzing powers, the local and global OMP results are
practically identical.

We are particularly pleased to see that the global OMP prediction of the neutron
total cross section above 5 MeV hardly differs from that by a local OMP. Therefore,
we expect our global OMP to predict neutron total cross sections in the 5 to 200 MeV
range for spherical or slightly deformed nuclei with an accuracy of 2%. Additional neutron
total cross section measurements in this energy range, and in the “empty” mass ranges
65 < A < 89, 100< A < 115, and 124 A < 150, would be welcomed to test this
statement.

In Table 12 we compare results from our global neutron OMP with the well-known
other global optical models of Wilmore—Hodgson [57], Rapaport et al. [47], Varner et
al. [4], Walter-Guss [58], and Madland [59] ony&/N (per point) basis. The results
are based on all experimental elastic angular distributions and total cross sections sets
considered in this paper, thus covering the whole range of interest. When judged with
this numerical criterion, our global OMP appears to perform better than each of the listed
models, even when the comparison is restricted to only those measurements that fall in
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Table 12

Comparison of our global neutron OMP.Q01 < E < 200 MeV, 24< A < 209) with other global potentials. The

x2 per point are given as separate averages for all elastic scattering angular distrib)ag@rmd total cross
sections kt%t) presented in this paper. To obtain this table, our global OMP was tested for observables in the mass
and energy ranges for which the older optical models were claimed to be valid. The unI@BﬁJ’édefers to the
performance of the OMPs listed in the first column. ¥/ N labeled by (this) refers to our global OMP in the
same mass and energy range

OMP A E (MeV) X2y N x2y/ N Xt/ N x&1/N
(this) (this)
Wilmore—Hodgson [57] 40-208 -015 112 7.4 9.2 6.7
Rapaport et al. [47] 40-208 -6 100 7.0 41 18
Varner et al. [4] 40-208 +26 83 7.0 4.7 18
Walter—Guss [58] 53-208 180 63 6.1 23 13
Madland [59] 40-208 506200 86 45 6.9 12

the latter (narrower) mass and energy range of applicability. Thus, we are not punished
for adopting a too large energy range for our model. Only the Walter-Guss OMP [58]
for elastic scattering angular distributions in the 10 to 80 MeV range comes close to our
performance, but in that case, as with the other listed OMPs, the improvement obtained by
our global OMP for total cross sections is significant.

An additional validation of our global neutron OMP is provided by average resonance
parameters, namely the and p-wave strength function§p and S1 and the potential
scattering radiusR’. The corresponding experimental data [60] are shown in Fig. 47
together with the global OMP predictions. The exact energy at which these quantities need
to be evaluated depends on the availability of measured resonances and thus changes from
nucleus to nucleus. Therefore, three predictions are given in Fig. 47, for 1, 10 and 100 keV,
respectively, which sheds light on the energy dependence of these quantities.

Each of these average resonance parameters displays a gross structure when plotted
against mass number, which is reasonably well described by our global OMP calculations.
However, several deviations between measurements and predictions are observed. First,
we find an underestimation @&’ in the 90< A < 136 mass range, where many nuclides
display complex collective properties (i.e., anharmonic vibrations and tri-axial rotation),
features which are ignored in our spherical model approach. Second, the preiicted
values seem too high, especially arouhe: 60. This overall scale problem may easily be
remedied by increasing the sharp-edge radiysemployed while calculating the-wave
penetrability factor, beyond the valig = 1.3541/3 (fm) that is traditionally adopted [60].
Finally, thes-wave strength function is overpredicted throughout the range 20< 136.

Again, this may stem from ignoring coupling to collective levels in our model, and may
also pointto the need for inclusion blependent components in phenomenological OMPs
(which indeed would alter botkip and Sy predictions). The physics underlying the present
OMP may entail that even though our global OMP vyields the correct total cross sections
in the keV region for these nuclides, see Fig. 15, its division into a shape-elastic part and a
reaction part for these energies and nuclides may not be precise.
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Fig. 47. Potential scattering radiug’) and s- and p-wave strength functionsSg and S1) as predicted by
our global neutron OMP at 1 keV (dotted curves), 10 keV (solid curves), and 100 keV (dashed curves). The
experimental data (symbols) were taken from Ref. [60].
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5.3.2. Protons

Predictions based on our global OMP are shown as dashed curves in Figs. 33-44
where they are compared with local OMP predictions and scattering data. Per nucleus,
the difference between the local and global OMP predictions is somewhat larger than for
incident neutrons. Again, the difference is most pronounced at the backward angles of
angular distributions. For relatively light nuclides, below gay: 56, and the heavy masses
aroundA = 208, the global proton OMP produces backward angular distributions lower
than those predicted by the local OMPs, whereas for masses i+h@0—-120 region the
situation is reversed. As for neutrons, the globalization of the absorption paranveiéss
the most difficult, since the dispersion of the local parameter®fgaround the average is
rather large. For thd, data of°8Ni, there is an interesting deviation from the local OMP
at the highest incident energies. Finally, the difference between the local and global OMP
predictions for reaction cross sections, shown in Fig. 32 is relatively small.

6. Integral properties: volumeintegrals

The volume integrald; /A are relatively invariant functions of the OMP parameters and
give insight in the behaviour of the optical potentials as a function of mass and energy. With
phenomenologically determined OMPs, the energy or mass dependence of the potential
depths may be compensated by that of the geometry parameters, thereby masking particular
structure effects. Such effects may become more visible by means of volume integrals.
They are also particularly helpful to compare OMP predictions from separate analyses,
e.g., (semi-)microscopic approaches where the density distribution of the nucleus is not
represented in a simple analytical form.

Defining

N2
n=(%) (38)

where the index can beV (volume) or D (surface), then to a good approximation for
Woods—Saxon based potentials the volume integrals per nucleon for the various potentials
are given by

4
Jv/A= §n(R3/A) Vi (L+ yy),

4
Twy /A= 2 (RY/A)Wy (L+yv),

1
Jwp/A = 16naD(R%/A)WD <1+ §yD>,
Jw/A=Jdw, A+ Jw,/A. (39)

Figs. 48 and 49 display some properties of the volume integrals, both for the local OMPs
and the global OMP, as a function of mass and energy. For neutrons at not too high
incident energies, we observe the known [46] decrease ofhoth andJy /A with mass.

At 200 MeV, Jy /A is practically constant with mass and we therefore suggest that the
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Fig. 48. Volume integrals for neutron-induced reactions for the real central potential as a function of mass, plotted
at three different energies. The symbols correspond to the values of the local OMPs while the solid curves
represent the global OMP (the curves in the deformed region<148< 194 can be discarded).
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represent the global OMP (the curves in the deformed region<148< 194 can be discarded).
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imaginary asymmetry potential is weak. This in line with the Dirac approach of Ref. [12],
where calculated proton volume integrdlg/ A for °Ca and%8Pb show the same energy
and mass dependence as does Fig. 49. Hence, at the upper energy end of the applicability
range of our OMPs, we seem to have a sound connection with the relativistic high-energy
model predictions.

Another conspicuous feature dfy/A is the pronounced structure in the transition
region around masa = 100, at low energies. The somewhat anomaldiisparameters
for these deformed nuclides were already reported in Section 4, and these parameters are
responsible for the deviation from the global average. The global OMP does not exhibit this
structure, which is in line with the deviation of the local versus global OMP predictions for
elastic scattering angular distributions in this mass range.

7. Conclusions

We have presented new OMPs for incident neutrons and protons with energies from
1 keV up to 200 MeV, for (near-)spherical nuclides in the mass range 24< 209. Our
negative experience with fully automatic least-square searches for OMP parameters has
led us to use a new computational steering technique, which has enabled us to obtain OMP
parameters for many individual nuclides. All nuclei have thereby been treated on the same
footing, and the resulting OMP parameters all scatter around physically justified averages.

The parameterization of our local OMPs is given by Eq. (7), with parameters for incident
neutrons given in Tables 3—6, and parameters for incident protons given in Tables 8, 9. In
sum, the key properties of our local OMPs are:

(i) A unique functional parameterization for the OMP that can successfully be applied
in a large part of the periodic table of elements, and over an unprecedented energy
range,

(i) A constrained set of OMP parameters, obtained by simultaneously analyzing all
different types of observables over a wide range of energies, and including both
compound nucleus and relativistic effects, and

(i) No unphysical freedom of geometry parameters. The real and imaginary parts of each
(volume, surface, spin—orbit) component of the potential share the same radius and
diffuseness parameters which are bdkindependent. We mention here that this
geometry constraint differs from that adopted in the global optical models of, e.g.,
Refs. [4-47], which assume equal geometry paramete¥¥foandVp and different
geometry parameters foiy .

Out of the local OMPs we have developed a global nucleon OMP that, in terms of
predicting measured data, comes remarkably close to the performance of the local OMPs.
We have been able to disentangle asymmetry, Coulomb correction and mass-dependent
components of the global OMPs.

The global neutron OMP for.001< E < 200 MeV and 24< A < 209 is given by

Vv (E) = vi[1—v3(E — E}) +v3(E — E})° = (E ~ E})°],



A.J. Koning, J.P. Delaroche / Nuclear Physics A 713 (2003) 231-310 301

(E — E})?
wi 2 2°
(E — E ) + (U)Z)
ry = 1.3039— 0.4054A1/3,
ay =0.6778—1.487x 10 %A,
(E — E})?
(E E'))? + (d3)?
rp = 1.3424— 0.015854 Y3,
ap = 0.5446— 1.656x 1074,
Vso(E) = iy exH —p (E — E)]
(E — E'})?
SO]. (E Eﬂ)2+ (wscﬂ)z’
rso=1.1854— 0.647A7 /3,
aso=0.59, (40)
where the units are in fm and MeV and the parameters for the potential deptlﬁg;and

given in Table 10.
The global proton OMP is given by

Wy (E) =

Wp(E) = exq—dj(E — E)].

Wso(E) =

Vy(E) = vl [1—v§ (E — E?) + v} (E — E)? — v} (E - E?)°]
+ Ve.vy [vy — 2v5 (E — Ef) 4 3vy (E - E?) ],
(E — EP)?
(E—ED2+ wy)?
ry = 1.3039— 0.40544 Y3,
ay =0.6778—1.487x 1074 A,
(E — E})?
(E EP)Z + (dP)Z
rp =1.3424— 0.0158541/3,
ap =0.5187+5.205x 10744,
Vs E) = vty expf vl (E — EY)].
(E — Ef)?
(E — E”)2 + (why)?’
rso=1.1854—0.647A71/3,
aso=0.59,
re =1.198+ 0.697A7%/3 + 129944753, (41)

Wy (E) =w]

Wp(E) = exp[—dy (E — E})],

Wso(E) = why
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where the parameters for the potential depts,and E© are given in Table 11. The
functional form of the proton global OMP differs from the neutron global OMP only by
the Coulomb correction term iviy (E), which has been derived in Section 5.

In addition to the aspects mentioned for local OMPs, the key properties of our global
OMPs are:

(i) The first global optical model that is obtained from a grid search based on local optical

models for individual nuclides,

(i) A global optical model that is applicable at any energy up to 200 MeV, and that
compares favorably to other global optical models, in terms of predictive power, and

(iii) For the real central potential, isolation of the asymmetry strength from a plain
dependent term and, in the case of protons, a theoretically fixed Coulomb correction
component which i€ -dependent (as it should). On the other hand, we have not been
able to identify unambiguously Coulomb correction terms in the imaginary potentials.

The E-dependence that we have adopted for the absorptive potentials suggests an obvious
extension of our work: including dispersion relations. The absence of dispersive corrections
in the present paper can be inferred from the absence of a real surfadégeénriq. (1) or,
equivalently, an effectiv& -dependent radius of the real volume potential. We note that our
potential already fulfills the convenient condition that the real and imaginary components
of the volume potential have the same geometry. Indeed, we have obtained preliminary
dispersive OMPs for all nuclides as well as a global dispersive OMP, but leave this as the
subject of another paper. Surprisingly, there are indications that the inclusion of dispersion
relations improves the description of the data in some mass regions (e.g., @reuhdO)

but worsens the agreement in others (e.g., arcuadd5). Also, we expect that the method

of this paper will also work for deformed nuclides or for composite particle scattering
(though we need a big compiled experimental database for the latter, which is lacking).
A formal extension to light nuclides is also possible, in terms of fitting data, but the
resulting OMPs will have less physical meaning. Finally, we think that the OMPs presented
in this paper may serve as a starting point for the development of Lane-consistent OMPs,
which will then enable a proper description(@f, n) reactions to isobaric analogue states.

The potentials developed in this paper may find direct application in theoretical nuclear
model calculations, and are available from the Reference Input Parameter Library [8] as
well as directly from the authors [9]. The recipe for using our work is straightforward: use
a local OMP whenever it is available from the tables and use the global OMP otherwise.

We have used a huge experimental database, with all types of observables that
are necessary to constrain an OMP, to minimize the deviation of calculation from
measurement. Nevertheless, there are still some gaps in the existing database, which should
be filled to enable further exploration of the nucleon—nucleus interaction. Examples are
additional total cross section measurements, as mentioned in Section 5.3, and neutron
elastic scattering at high energies. Before long, 96 MeYd 2 for neutrons incident on
Fe and Pb will be available from Uppsala University (HINDAS project) that will further
test the correctness of the asymmetry strength, anfd-diependence, of our potential.

We have attempted to push the phenomenological OMP to the limit, without resorting
to unphysical parameter values or dependencies to mimic unknown physics. This means
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that, until evidence to the contrary is provided, a better description of measurements with a
phenomenological Woods—Saxon model can only be obtained by relaxing the parameter
constraints (for example, by introducing arrdependent geometry to describe low-
energy neutron scattering in the Fe mass region), which may nevertheless be valuable in
applied physics. The other way forward is, obviously, the microscopic optical model. The
performance of models in which the nucleon—nucleon interaction and the matter density
distribution are folded to give a direct measure of the shape and strength of the nuclear
potential, is in principle less dependent on the particular nucleus under study than that of
the phenomenological OMP. Hence, for nuclei far from stability, for which no experimental
data exist, it is arguably safer to make qualitative statements about the predictive power of
a microscopic OMP than with a phenomenological OMP. Our phenomenological OMP
has only been tested for well-studied nuclei and is therefore ainlgastreliable in the
neighborhood of these nuclei. We hope that the mass£adédpendencies of our potentials

and related integral properties provide new inspiration for the improvement of microscopic
optical models.
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